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11. INTRODUCTION
With today’s world concern over energy, much research and development is being
done around the world to improve the energy efficiency of everything from cars to
household appliances to indoor lighting. Another area on which much emphasis has been
placed is the heating, ventilating and air-conditioning (HVAC) systems that heat and cool
us everyday. Although most people do not even think about an HVAC system until it
breaks down, much is spent annually around the world for the comfort of an HVAC
system.
Water-source heat pumps (WSHP) are an energy efficient technology for
providing cooling. Two types of HVAC systems that utilize water-source heat pumps are
hybrid ground source heat pump (HGSHP) systems and water-loop heat pump (WLHP)
systems. This work will focus on modeling and validation of models for both HGSHP
systems and WLHP systems. For WLHP systems, control strategies that further improve
energy efficiency will be investigated.
21.1. Overview of Hybrid Ground Source Heat Pump Systems
Ground source heat pump (GSHP) systems, also known as geothermal heat pump
(GHP) systems, are an energy efficient alternative for the heating and cooling of
residential, commercial and institutional applications. The more moderate and constant
temperatures of the earth used by the GSHP system as a heat sink/source are
advantageous when compared to the outdoor air used by air-source heat pump systems.
A GSHP system usually consists of a ground loop heat exchanger (GLHE)
through which water or an antifreeze solution is circulated and one or more water-source
heat pumps. The GLHE usually consists of high-density polyethylene (HDPE) pipe
buried in a horizontal trench or inserted in vertical boreholes. Depending on the season
(heating or cooling), the system transfers thermal energy to or from the earth via the
GLHE. A typical GSHP system can be seen below in Figure 1.1.
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Figure 1.1 Schematic of a typical GSHP system.
Some of the advantages of using a GSHP system are their higher energy
efficiency over conventional systems, lower CO2 emissions and lower maintenance costs.
While these are great, GSHP system market penetration has been limited because of its
higher first costs (ASHRAE 1999).
Kavanaugh and Raffertey (1997) suggest the initial costs for installing a GSHP
system could be as much as double that of a standard central heating and air-conditioning
system for residential applications and for commercial applications anywhere from 20%
to 40% higher than a unitary rooftop system.
4HGSHP systems make the GSHP system more appealing for commercial and
institutional applications by reducing the first cost of the system. The United States
Department of Energy (2001) showed savings of more than 50% on first cost by using a
hybrid system as opposed to a full GSHP system. Hybrid systems obtain these savings
by using supplemental heat rejection devices such as a cooling tower, fluid cooler,
cooling pond, or pavement heating system to reduce the GLHE size. One problem in
many buildings is an annual imbalance between the amount of heat rejected to or
extracted from the ground. More times than not commercial and institutional buildings
have very large internal heat gains and are therefore generally cooling-dominated,
causing more heat rejection through the GLHE than heat extraction on an annual basis.
This causes a problem with heat build up in the ground which over time will cause loop
temperatures to rise and decrease the efficiency of the heat pumps. One solution to the
problem is to increase the size of the GLHE, increasing the first costs. A more
reasonable and cost effective option can be to reduce the size of the GLHE and install one
of the supplemental heat rejecters mentioned above.
Figure 1.2 shows a typical HGSHP system. The system shown uses a cooling
tower as its supplemental heat rejecter. For this system, the tower is isolated from the
ground loop heat exchanger via a plate heat exchanger.
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Figure 1.2 Schematic of a typical HGSHP system.
1.1.1. Design and Modeling of Hybrid Ground Source Heat Pump Systems
When designing a GSHP or HGSHP system, one of the most important aspects of
the design is the sizing of the GLHE. Likewise, when modeling a GSHP system or a
HGSHP system for energy analysis, an important component to consider is the GLHE.
The model’s ability to predict short-term and long-term temperature response of the
6ground loop is important to predictions of heat pump energy consumption. Several
design methods have been presented in the literature for the design of HGSHP systems.
The first discussion of design of HGSHP systems for new construction appeared in
ASHRAE (1995). Since that time other design methods have been presented and will be
discussed in Section 2.1.1.
For the work done in this study, the HGSHP system is modeled and simulated
using component models developed at Oklahoma State University (OSU) in the
HVACSim+ modeling environment (Clark 1985). The computer model is validated
against an experimental HGSHP system that is located on the campus of OSU in
Stillwater, Oklahoma. The experimental facility will be discussed in detail in Section
3.1. The system model is comprised of four main component models which include a
heat pump, cooling tower, plate frame heat exchanger and a GLHE. The system model
and component models will be discussed in greater detail in Chapter 2.
1.1.2. Simulation and Validation of Hybrid Ground Source Heat Pump Systems
GSHP systems and ground loop heat exchangers are commonly designed with
simulation-based procedures because the long time constant of the ground makes it
necessary to ensure that the loop temperatures will not exceed the heat pump limits over
the life of the system. Because of the interaction between loop temperatures, GLHE
performance, heat pump performance and supplemental heat rejecter performance,
simulation is even more necessary for the design of HGSHP systems.
7Nevertheless, while some validations of GLHE and other HGSHP system
components have been reported, no validations of the entire HGSHP system have been
reported. Nor, for that matter, have any validations of an entire GSHP system been
reported. Several authors have presented validations of ground heat exchanger models –
McLain and Martin (1999) and Yavuzturk and Spitler (2001). Thornton, et al. (1997)
report on an extensive calibration process which allows a GSHP system simulation to
give a good prediction of maximum entering water temperature and heat pump energy
consumption compared to the experimental measurements.
While it might be hoped that if each component model of the simulation were
validated the entire simulation as a whole would be sufficiently accurate, this is not
necessarily the case. In a GSHP or HGSHP system simulation, there is the potential for
small errors to accumulate over time. Furthermore, because of the difficulty in
characterizing the ground thermal properties, it seems inevitable that, at the least, small
errors will always be present. From a designer’s perspective, limited information on
cooling tower performance, limited accuracy of manufacturer’s heat pump data, etc. lead
to additional small errors that also may be cumulative. The degree to which this is a
problem is unknown, and suggests the need for experimental validation of the entire
system simulation. It also suggests the need for experimental validation with and without
individual model calibration.
This study presents an experimental validation of the entire system simulation,
using an HGSHP system located at Oklahoma State University. Seven months (March to
8September 2005) of five-minutely experimental data from an HGSHP system were used
for validation purposes.
1.1.3. Control of Hybrid Ground Source Heat Pump Systems
Limited work has been done on developing control strategies for the operation of
the supplemental heat rejecter in HGSHP systems. Yavuzturk and Spitler (2000) used a
system simulation approach to compare the advantages and disadvantages of different
methods of operating and controlling a cooling tower within a HGSHP system. The
authors compared 5 cases which are listed below.
1. A GSHP system with no supplemental heat rejecters; correctly-sized GLHE.
2. A GSHP system with no supplemental heat rejecter, but GLHE sized as if there
were a supplemental heat rejecter. The undersized GLHE leads to heat buildup
over time.
3. The use of a cooling tower in the simulation being turned on when the entering or
exiting temperature of the heat pump exceeds a fixed setpoint.
4. The cooling tower turned on when the difference in the entering or exiting heat
pump temperature and the ambient wet-bulb temperature exceeds a setpoint.
5. A combination of a set point control and cool storage strategy by running the
cooling tower 6 hours at night and whenever the entering heat pump temperature
exceeds a fixed setpoint.
9The authors showed that the most beneficial strategy was to operate the cooling tower
based on the differential controller that took the difference between the entering or
exiting heat pump temperature and the ambient wet-bulb temperature. The authors also
noted that the use of the short time step GLHE model proved very beneficial in assessing
the behavior of HGSHP systems. It should be noted that the simulations assumed perfect
measurement of the wet-bulb temperature; this is unlikely to be achieved in practice.
1.2. Overview of Water Loop Heat Pump Systems
WLHP systems are heating and cooling systems that are used in commercial and
institutional applications to provide space heating and cooling to multiple zones.
Typically a heat pump is placed in each building zone to provide the proper amount of
heating and cooling to that zone. Water is pumped through each heat pump via a piping
system (loop). Heat pumps running in heating mode remove heat from the loop, while
heat pumps running in cooling mode reject heat to the loop. The water is maintained
within a desired range of temperatures with the assistance of a heat rejecter, e.g. cooling
tower or fluid cooler and a heat source, e.g. a boiler. When the system is running with
some heat pumps in heating and some in cooling, heat that may be removed from one
zone can be added to another, saving energy. Figure 1.3 shows a typical WLHP system
with a water-to-water heat exchanger. At the current time, a large emphasis is put on
energy conservation and lower initial cost; two reasons why WLHP systems have become
increasingly popular.
10
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Figure 1.3 Schematic of a WLHP system with water-to-water HX.
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1.2.1. Modeling of Water-Loop Heat Pump Systems
A WLHP system may be thought of as an HGSHP system with a boiler but
without the GLHE and it can be modeled accordingly. In this study, the WLHP being
analyzed is equivalent to the HGSHP system discussed above with the GLHE replaced
with a boiler.
For the work done in this study, the WLHP system is modeled and simulated with
both HVACSim+ (Clark 1985) and EnergyPlus (Crawley et al. 2002). Modeling the
system in two distinctly different programs allows for cross-checking of results. Both the
HVACSim+ system model and the EnergyPlus model are comprised of five main
component models which include a heat pump, cooling tower, boiler, plate frame heat
exchanger and a circulation pump. The system models and component models will be
discussed in greater detail in Chapter 4. Both models require the input of building loads
in kW. These loads were calculated using DesignBuilder (DesignBuilder Software Ltd,
2006) which uses EnergyPlus as its “computational engine”.
1.2.2. Simulation and Validation of Water-Loop Heat Pump Systems
Howell and Zaidi (1991) developed several figures-of-merit (annual heat
recovery, savings in cooling energy and annual savings in heating and cooling energy) to
indicate the energy performance of WLHP systems. These parameters were developed
by simulating a WLHP system using a commercially available energy analysis program
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based on the following parameters; building shape, building core to perimeter ratio and
geographic location. Their methodology is described in Section 4.1.1. They concluded
that the WLHP system as an HVAC system has great potential for energy savings
through heat recovery. Over a wide range of variables studied they reported heat
recovery savings between 0.1 to 2.8 kWh/ft2. They also concluded that the most heat
recovery comes from buildings with large internal loads, large core to perimeter ratio,
milder climates, and is related to the heat pumps’ heating COP.
Cane et al. (1993) validated three models of WLHP systems in commercially
available energy analysis programs against actual building data. They compared the
models’ predicted hourly energy consumption of the HVAC system to that of measured
data. They concluded that the three models predict total building energy use within 1%
to 15% of measured data. Although they agree this is very good, they state that the
results hide “the wide variations observed at the HVAC system and component levels”
(Cane et al. 1993). Two of the problems with the models that are noted by the authors are
their inability to model variable-capacity pumping or thermal storage within the system.
This thesis presents an experimental validation of the entire system simulation,
operating in cooling only mode, using the HGSHP research facility located at OSU. For
the purposes of validating the WLHP system model, the GLHE was valved out of the
system, leaving a typical WLHP system without the boiler to be used for validation
purposes. The experimental WLHP system is much smaller than a typical commercial
system.
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1.2.3. Control of Water-Loop Heat Pump Systems
In control of WLHP systems, the conventional practice is to run the WLHP
system between 60oF and 90oF (Howell 1988; Hughes 1990; Pietsch 1990; Howell and
Zaidi 1990; Pietsch 1991; Howell and Zaidi 1991). The boiler is operated to maintain a
minimum setpoint of 60oF entering the heat pumps and the cooling tower is operated to
prevent the entering fluid temperature from exceeding 90oF. Other setpoints have been
presented. Hughes (1990), when surveying current system configurations in practice,
determined that typical WLHP setpoints for all of the United States to be 65oF for heating
and 85oF for cooling. In trying to optimize WLHP design and performance, Kush and
Brunner (1991), determined that in order to reduce the boiler use and increase
performance, the minimum loop temperature should be held to 65oF or “slightly less.”
Kush and Brunner also suggested that it is beneficial to hold the maximum loop
temperature to 85oF or “slightly below” in order to increase the cooling performance.
Regardless of the setpoints, all past published recommendations, with the exception of
Pietsch (1991), have been to hold the set points constant.
Pietsch (1991) suggested that there could be savings potential operating in mixed
heating and cooling mode at an optimum temperature or at a fixed, constant temperature.
Pietsch suggested a single optimum set point that was based on the ratio of heating load
to cooling load. The boiler would run if below this optimum loop temperature and the
cooling tower would run if above it. He determined that the optimum operating
temperature would vary based on the heating-to-cooling load ratios with the lower ratios
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requiring lower loop temperatures. Pietsch concluded that, although determining the
ratio would perhaps be feasible, determining the precise heating-to-cooling load ratio to
vary the loop temperature would be extremely difficult. Therefore, he examined setting
the loop temperature to a constant 45oF and 60oF. He determined that the average power
inputs for the two fixed cases and the optimum temperature case are essentially the same.
His conclusion is, “operating at a loop temperature level that is consistent with the lowest
feasible heat pump operating temperature would provide near-optimum heat pump
operation” (Pietsch 1991). However, this analysis was made on a quasi-steady-state basis
and did not mention the use of a dead band control and therefore did not consider the
transient effects of switching between cooling tower and boiler operation.
While some (Hughes 1990; Pietsch 1990; Pietsch 1991) claimed that
simultaneous heating and cooling is an important factor in energy conservation, only
Pietsch (1990) looked at the effects of a small shift in the number of units operating in
either mode. This shift can result in a switching between heating dominated operation
(boiler in use) and cooling dominated operation (cooling tower in use) and during the
shoulder seasons could typically occur over the course of a day. Therefore the use of
thermal storage in a WLHP system may be an important part to the energy efficiency of a
WLHP system and will be discussed in Chapter 4.
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1.3. Thesis Objectives and Scope
This study can be divided into two main sections; work on HGSHP systems and
work on WLHP systems. In dealing with HGSHP systems, this study presents an
experimental validation of the entire system simulation using an HGSHP system located
at Oklahoma State University. The system size is similar to residential systems, i.e.
smaller than a typical HGSHP system. However, it contains all of the components of a
typical HGSHP system – a heat pump, three boreholes, and a small direct contact
evaporative cooling tower connected via a plate frame heat exchanger. Furthermore, it is
carefully instrumented and monitored, so that the resulting data set is free from
significant periods of missing or corrupted data that tend to plague data sets collected
with building energy management systems. With this in mind, the three main objectives
of this part of the study are:
• Develop a model of an HGSHP system in HVACSim+
• Simulate the model in HVACSim+
• Validate the model using experimental data
In dealing with the WLHP system, the main objective was to develop an
optimized control strategy for operating WLHP systems. Within the scope of the main
objective, the following objectives are also desired.
• Develop a model of a WLHP system in HVACSim+ and EnergyPlus
• Simulate the model in HVACSim+ and EnergyPlus
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• Validate the model using a small experimental data set
• Investigate dynamic effects in WLHP system performance
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2. SIMULATION OF HYBRID GROUND SOURCE HEAT PUMP SYSTEMS
Hybrid ground source heat pump systems incorporate both ground loop heat
exchangers and auxiliary heat rejecters, such as cooling towers, fluid coolers, cooling
ponds, or pavement heating systems. The design of the hybrid ground source heat pump
system involves many degrees of freedom; e.g. the size of the cooling tower interacts
with the control strategy, the ground loop heat exchanger design, and other parameters.
This chapter presents a simulation of such a system using a direct contact evaporative
cooling tower as the supplemental heat rejecter. The simulation is performed in a
component-based modeling environment using component models of a vertical ground
loop heat exchanger, plate frame heat exchanger, cooling tower, circulating pumps, and
heat pumps. Specific adaptations to the models for purposes of experimental validation
are also discussed.
2.1. Introduction
GSHP systems have become increasingly common in residential, commercial, and
institutional buildings. In cases where there is significant imbalance between the annual
heat rejection to the ground and annual heat extraction from the ground the loop fluid
temperature tends to rise (or fall) from year to year. This effect can be moderated by
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increasing the ground loop heat exchanger size. However, the capital cost requirements
can be excessive and an alternative is to add an additional heat sink (or an additional heat
source). Systems with additional heat sinks or sources are generally referred to as hybrid
GSHP or HGSHP systems.
The most common heat sink device is a cooling tower, but other heat sinks
include domestic water heating systems, closed-circuit fluid coolers, ponds, and
pavement heating systems. Auxiliary heat sources include solar collectors or boilers.
2.1.1. Background/Literature Review
HGSHP systems seem to have arisen as a practical solution for fixing undersized
GSHP systems that have begun to operate too hot (or too cold). Previously published
literature on HGSHP systems has been scarce with essentially no discussion of validated
HGSHP system models. The first discussion of design of HGSHP systems for new
construction appeared in ASHRAE (1995). For cooling dominated systems, it was
suggested that the supplemental heat rejecter could be sized to reject half of the average
difference between the heat rejected by the system and the heat to be rejected to the
ground for the peak cooling month. The basis for this recommendation is not clear.
Kavanaugh and Rafferty (1997) revised the design procedure by suggesting that
the supplemental heat rejecter be sized to meet peak block load at the design conditions.
Similar to ASHRAE (1995), the authors suggested calculating the nominal size of the
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supplemental heat rejecter by taking the difference between the GLHE lengths that would
be required to meet the cooling load and heating load. The text further discussed possible
ways of integrating the supplemental heat rejecter with the GSHP system, recommending
a parallel piping scheme.
Kavanaugh (1998) gives a modified procedure that iteratively approximates the
annual heat rejection of the cooling tower or fluid cooler and then recomputes the loop
length. The annual heat rejection is estimated using a heuristic expression that gives the
equivalent full load run hours for the cooling tower or fluid cooler as a function of the
equivalent full load run hours for cooling and the ratio of flow rates between the heat
rejecter and the system. An alternative approach is also given which assumes that the
heat rejecter can balance the annual heat rejection and heat extraction and then the
required run hours for the heat rejecter can be estimated with a heuristic expression.
Several studies have looked at the performance of existing HGSHP systems. One
such study by Phetteplace and Sullivan (1998) discussed a project undertaken to monitor
a 2,230 m2 (24,000 ft2) administration building that was renovated in 1993 in Fort Polk,
Louisiana. Performance data were presented for almost 22 months, including two heating
and two cooling seasons. The hybrid system consisted of 70 vertical closed-loop
boreholes approximately 61 meters (200 feet) deep with 3.3 meter (10.8 foot) spacing
between them and a 275 kW (78 ton) cooling tower as the supplemental heat rejecter.
The system is controlled using a differential control scheme that activates the cooling
tower once the heat pump exiting fluid temperature (ExFT) reaches 36.1ºC (88.88ºF) and
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deactivates once it gets below 35ºC (95ºF). After post processing the performance data
obtained, the authors had concerns about the amount of possible heat buildup in the
ground due to relatively high loop temperature of around 41ºC (105.8ºF). The report
showed that over the monitoring period, 43 times more heat was rejected than extracted.
To solve the problem, they suggested reducing the differential control setpoint and, from
a design standpoint, suggested increasing the spacing between boreholes.
Another such study by Singh and Foster (1998) was conducted on a hybrid system
being used in the 7,436 m2 (80,000 ft2) Paragon Center, in Allentown, Pennsylvania. The
system consisted of 88 boreholes approximately 38 meters (125 feet) deep and a 422 kW
(120 ton) closed-circuit fluid cooler. The hybrid system was designed for the GLHE to
handle all of the heating demand and 80% of the cooling demand, allowing the fluid
cooler to pick up the other 20% of the cooling demand. The study also looked at a 5,586
m
2 (60,127 ft2) elementary school building in West Atlantic City, New Jersey. The
school used a 411 kW (117 ton) closed-circuit fluid cooler which allowed the number of
boreholes needed in the GLHE to be reduced by more than 25%. The authors concluded
that both hybrid systems showed considerable savings on initial costs.
Work has also been done on comparing different control strategies for the
operation of the supplemental heat rejecter in HGSHP systems. Yavuzturk and Spitler
(2000) used a system simulation approach to compare the advantages and disadvantages
of different methods of operating and controlling a cooling tower within a HGSHP
system. The simulations were developed in the TRNSYS environment, using standard
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TRNSYS types for the cooling tower, circulating pumps, and controls. The GLHE model
(Yavuzturk and Spitler 1999) was based on an extension of past work by Eskilson (1987)
to treat short time response. The authors showed that the most beneficial strategy was to
operate the cooling tower based on the differential controller that took the difference
between the entering or exiting heat pump temperature and the ambient wet-bulb
temperature. The authors also concluded that the use of the short time step GLHE model
proved very beneficial in assessing the behavior of HGSHP systems.
Simulation-based studies of HGSHP systems with alternative supplemental heat
rejecters, such as cooling ponds (Ramamoorthy et al. 2001) and pavement heating
systems (Khan et al. 2003) have been presented in the literature. Ramamoorthy, et al.
(2001), using the control strategy suggested by Yavuzturk and Spitler (2000), operated
the pond loop when the difference between the heat pump exiting fluid temperature and
the average pond temperature exceeded a set value. The paper shows the optimization of
the size of the HGSHP system through adjusting the borehole depth and pond loop heat
exchanger lengths until a minimum life-cycle cost was found. A sensitivity analysis done
on the differential controller showed that the choice of the dead band range had no
significant impact on the economics of the system.
Khan et al. (2003) described a simulation study of an HGSHP system that utilized
a pavement heating system as the supplemental heat rejecter. They concluded from their
study that the HGSHP system has significantly lower first costs and lower annual
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operating costs. The approach was similar to the HGSHP studies described by
Ramamoorthy et al., but was performed within the HVACSIM+ environment.
Chiasson and Yavuzturk (2003) discuss the viability of using solar thermal
collectors, as a supplemental heat source for an HGSHP system. The study uses loads
obtained by simulation of a heating-dominated 4,924 m2 (53,000 ft2) school building in
six U.S. cities in cold climates. They conclude that solar thermal collectors are
economically viable for this application in cold climates, depending on drilling costs.
The seasonal thermal solar energy storage in the ground was found to be enough to offset
a larger ground storage volume that would be required with a conventional GSHP system.
GSHP systems and GLHE are commonly designed with simulation-based
procedures because the long time constant of the ground makes it necessary to ensure that
the loop temperatures will not exceed the heat pump limits over the life of the system.
Because of the interaction between loop temperatures, GLHE performance, heat pump
performance and supplemental heat rejecter performance, simulation is even more needed
for design of HGSHP systems.
Never the less, while some validations of GLHE and other HGSHP system
components have been reported, no validations of the entire HGSHP system have been
reported. Nor, for that matter, have any validations of an entire GSHP system been
reported. Several authors have presented validations of ground heat exchanger models –
McLain and Martin (1999) and Yavuzturk and Spitler (2001). Thornton, et al. (1997)
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report on an extensive calibration process which allows a GSHP system simulation to
give a good prediction of maximum entering water temperature and heat pump energy
consumption compared to the experimental measurements.
While it might be hoped that if each component model of the simulation were
validated the entire simulation as a whole would be sufficiently accurate, this is not
necessarily the case. In a GSHP or HGSHP system simulation, there is the potential for
small errors to accumulate over time. Furthermore, because of the difficulty in
characterizing the ground thermal properties, it seems inevitable that, at the least, small
errors will always be present. Furthermore, from a designer’s perspective, limited
information on cooling tower performance, limited accuracy of manufacturer’s heat
pump data, etc. lead to additional small errors that also may be cumulative. The degree
to which this is a problem is unknown, and suggests the need for experimental validation
of the entire system simulation. It also suggests the need for experimental validation with
and without individual model calibration.
2.1.2. Objectives
This thesis, in Chapter 3, presents an experimental validation of the entire system
simulation, using an HGSHP system located at OSU. The system size is similar to
residential systems, i.e. smaller than a typical HGSHP system. However, it contains all
of the components of a typical HGSHP system – a heat pump, three boreholes, and a
small direct contact evaporative cooling tower connected via a plate frame heat
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exchanger. Furthermore, it is carefully instrumented and monitored, so that the resulting
data set is free from significant periods of missing or corrupted data that tend to plague
data sets collected with building energy management systems.
This chapter is organized by first describing the individual component models
followed by the overall system simulation approach. Then, in Chapter 3, the
experimental facility is described in detail, followed by a comparison between the
experimental results and the system simulation results and a discussion of the calibration
process which was used to obtain the best match. Finally, the system simulation is
reconsidered from the designer’s perspective, i.e. if calibration of individual models is
impossible, how good are the simulation results that are of primary interest to the
designer – energy consumption, cooling tower run time, and peak entering fluid
temperature? The accuracy of these results without calibration and with varying degrees
of calibration is examined.
2.2. Component Model Design and Simulation
2.2.1. Heat Pump Model
The heat pump model is a simple water-to-water equation-fit model developed by
Tang (2005) and modified to account for multiple heat pumps within the model. If more
than one heat pump is being utilized the total load seen by the heat pump during any
given time step will be divided among the heat pumps. The model equations fit power,
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source side heat transfer rate, and load side heat transfer rate to normalized entering fluid
temperatures and normalized flow rates. The heat pump’s source side heat transfer rates
are then calculated using the fitted equations. The coefficients of the performance
equations are evaluated according to catalog data provided by the heat pump
manufacturer. This will be discussed in more detail in Chapter 3. Coefficients are read
as parameters of the model. The computed load side heat transfer rate and the input load
side heat transfer rate are compared and the ratio is used to determine a run time fraction
for the time step. The heat pump model, TYPE 563, diagram can be seen below in Figure
2.1, showing all inputs, outputs, and parameters needed to run the model.
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Figure 2.1 Heat pump HVACSim+ model diagram.
An equation-fit model was initially chosen over a parameter estimation-based
model for the relative convenience of determining the inputs and fast execution speed.
As was found in the validation, this convenience comes at the cost of poor model
performance when one of the input variables falls outside the range of data used to fit the
equations.
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2.2.2. Ground-Loop Heat Exchanger Model
The GLHE model used for this work was developed by Xu and Spitler (2006) and
is based on the long-time g-function model which was developed by Eskilson (Eskilson
1987). Xu and Spitler integrated a one-dimensional numerical model into the GLHE
model which was used to determine the short time response of the boreholes. Eskilson’s
method for determining the temperature response of the ground heat exchanger is aimed
at using pre-computed response factors to allow a computationally efficient simulation.
Eskilson started with looking at a single borehole, finding the temperature field
through a set of finite-difference equations set up on a radial axial coordinate system in a
homogenous ground. Next he superimposed the temperature field from the single
borehole is space to obtain the temperature response of the entire bore field to a heat
pulse. This response was non-dimensionalized to give a g-function or set of non-
dimensional response factors. The procedure for obtaining the g-functions is quite
computationally intensive. However, after obtaining the g-functions the temperature
response at the wall of the borehole for a time-varying heat transfer rate can be quickly
determined. Because the finite-difference model treated the borehole as a finite length
line-source, its accuracy was poor for short, e.g. hourly, time steps.
Eskilson’s model was extended by Yavuzturk, et al. (1999) to short time steps by
developing short time step g-functions. The short time step g-functions were developed
using a two-dimensional (radial-angular) finite volume method. The original method
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utilized a fixed convective resistance. This was later modified (Yavuzturk and Spitler
2001) to account for variable convective resistances, but the thermal mass of grout and
fluid were neglected.
Later investigation (Young 2004) showed that the thermal mass within the
borehole was quite important for some scenarios. Xu and Spitler (2006) developed a
one-dimensional (radial) model to compute the short time step response integrated with
Eskilson’s long time step model. By carefully precomputing borehole thermal resistance
with a 2-D model Xu and Spitler were able to get short term response that matched a
detailed 2-D finite volume model at a fraction of the computation time. This is the model
used for this work.
The model parameters include the number of boreholes, borehole depth and
radius, U-tube configurations, the U-tube, the grout and the ground thermal properties,
fluid type, short-time step and the long time step g-functions. The model is formulated to
take inlet temperature and mass flow rate as inputs, and give the outlet temperature as an
output. Further details are given by Xu and Spitler (2006). The GLHE model, TYPE
620, diagram can be seen below in Figure 2.2, showing all inputs, outputs, and
parameters needed to run the model.
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Figure 2.2 GLHE HVACSim+ model diagram.
2.2.3. Cooling Tower Model
Two versions of a cooling tower model were used in this work. First, the fixed-
UA cooling tower model developed by Khan (2004), determines the exiting water
temperature, as well as the exiting air wet-bulb temperature based on five inputs; water
mass flow rate, air mass flow rate, entering water temperature, entering air wet-bulb
temperature, and a cooling tower on/off control signal. The model also requires one
parameter, the overall heat transfer coefficient which is estimated from the
manufacturer’s data and set as constant. From this parameter, an effective UA value,
UAe, is calculated according to the following equation.
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Where Cpe is the effective specific heat (J/kg-K), Cp,moistair is the moist air specific heat
(J/kg-K).
The fixed-UA model seemed most appropriate at the beginning of the work. For
the small cooling tower used with the system, only a single operating point was available
from the manufacturer. If more data were available from the manufacturer, a more
detailed model would be appropriate. For the validation, one of the improvements was to
utilize the parameter-estimated-UA model proposed by Lebrun and Silva (2002):
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Where wm& is the entering water flow rate in [kg/s], am& is the entering air flow rate in
[kg/s], and k, x, and y are model parameters.
The Lebrun and Silva model allows the UA value to change as the water flow rate
and air flow rate change. The model parameters include k, m, and n as shown above in
Equation 2.2. As can be seen below from Figure 2.3, the model is formulated to take
inlet water temperature, inlet air wet-bulb temperature, water mass flow rate, air mass
flow rate, and a control signal as inputs, and give the outlet water temperature, outlet air
wet-bulb temperature, and the overall heat transfer coefficient, UA, as outputs.
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For experimental validation, the three parameters were estimated from
experimental data because only one data point was available from the manufacturer. A
simple univariate optimization procedure, applied iteratively, was used to estimate the
three parameters from the experimental data. The procedure yielded estimates of the
parameters as follows, k=764, n=1.11, and m=0.41. The cooling tower model, TYPE
768, diagram can be seen below in Figure 2.3, showing all inputs, outputs, and
parameters needed to run the model.
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Figure 2.3 Cooling tower HVACSim+ model diagram.
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2.2.5. Plate Frame Heat Exchanger Model
Hybrid ground source heat pump systems often use a liquid-to-liquid plate frame
heat exchanger to isolate the cooling tower from the rest of the system. Initially, a
parameter estimation-based model was developed, based on the general concept of
Rabehl, et al. (1999). Rabehl, et al. developed a model of a fin-tube heat exchanger
based on assumed correlations which were reduced to equations with a few unspecified
parameters. These parameters were then fitted using catalog data. In this model, the
plate frame heat exchanger is assumed to behave approximately as a series of flat plates
with unknown critical local Reynolds numbers. Incropera and DeWitt (2002) give a
general form as:
3/15/4 )037.0( PrAReNu LL = (2.3)
Here, A is a variable that depends on the critical Reynolds number, but it may be grouped
into another fitted parameter. The ultimate goal is to find UA of the heat exchanger,
which will be approximated as the inverse sum of the two convective resistances. First
hA on both sides of the heat exchanger must be found, and both sides are assumed to have
the same general form of the correlation. Assuming the length L, heat exchanger area A,
cross-sectional area Ac are unknown, the equation for hA can be reduced to:
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Where Q is the volumetric flow rate (m3/s),  is the viscosity (m2/s), Pr is Prandtl number
(-), kfluid is the thermal conductivity of the fluid, c1 and are c2 constants to be fitted.
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Fluid properties are determined at the film temperature on each side of the heat
exchanger, and separate coefficients are fitted for each side of the heat exchanger, using
manufacturer’s catalog data. Furthermore, it was initially assumed that the UA may be
simply determined as the inverse of the sum of the two convective resistances. The
validity of this assumption will be discussed in the Section 3.2.4. The plate heat
exchanger model, TYPE 664, can be seen below in Figure 2.4, showing all inputs,
outputs, and parameters needed to run the model.
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Figure 2.4 Plate heat exchanger HVACSim+ model diagram.
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2.2.5. Cooling Tower Controller Model
For purposes of experimental validation two approaches to modeling the cooling
tower control have been taken. For the first set of simulations, cooling tower on/off
operation is simply set as a boundary condition. For the second set of simulations, a
simple model of the cooling tower controller takes the difference between the outdoor
ambient wet-bulb temperature, provided as a boundary condition, and the simulated
exiting heat pump fluid temperature. When the difference exceeds a specified value, e.g.
4ºC (7.2ºF), the cooling tower is switched on. When the difference falls below another
specified value, e.g. 2ºC (3.4ºF), the cooling tower is switched off. This approach
mimics the actual control strategy that was used in the experiments. The two approaches
are discussed further in Sections 3.2 and 3.3 below.
2.2.6. Empirical Pipe Heat Loss/Gain Model
Uninsulated piping in the experimental facility, either exposed to the environment
or buried in the ground, has some not insignificant heat losses or gains. These heat
transfers vary significantly over time. For example, the heat loss from the buried pipe
leading to the cooling tower will be high (say 650 watts on average for the first 10
minutes) when the cooling tower is first switched on. After, say, an hour of cooling
tower run time, the heat loss may drop to 350 watts.
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As buried horizontal piping is a common feature of ground source heat pump
systems, it would be useful to develop a component model that predicts the heat losses or
gains. However, at present, no such model is available, and another approach was taken.
A simple component model was developed that took the measured heat gain or loss as an
input provided as a boundary condition, and computed the outlet temperature as:
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Where Tout is the temperature of the water leaving the pipe (oC), Tin is the temperature of
the water entering the run of pipe (oC), and Qs is the measured heat transfer rate (W).
This approach worked satisfactorily when the cooling tower control was treated as
a boundary condition so that the simulated cooling tower on/off operation matched the
experiment well. For cases where the cooling tower control was simulated, the short time
variations in the empirical pipe heat losses or gains for the piping running to and from the
cooling tower are no longer meaningful. Instead, a new boundary condition was
developed that used the average heat gain/loss during cooling tower runtime for each
component for each day. This was set as the boundary condition for every time step of
the day, and maintained the heat loss or gain approximately correctly to the extent that
the simulated daily cooling tower runtime matched the actual daily runtime.
2.3. System Model Design and Simulation
As mentioned previously, the system simulation was developed within the
HVACSim+ environment (Clark 1985), aided by a graphical user interface (Varanasi
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2002). The simulation was developed within a single superblock and five-minute time
steps were used. All simulations used the following boundary conditions, measured on
site, except where noted:
• Outside air wet-bulb temperature, determined from an aspirated dry bulb
temperature measurement (on site) and a relative humidity measured at local
weather station, about 1 km (0.6 miles) from the site.
• Heat pump source side load, measured on site. This forces the heat pump
operation in the simulation to be the same as the experiment.
• Flow rates of water through the heat pump, GLHE and cooling tower.
• Heat transfer rates for the empirical pipe heat loss/gain model, described above.
• The plate frame heat exchanger UA was treated as a boundary condition; a
separate model was used to determine the time-varying UA based on fluid flow
rates and time, when fouling was included in the UA.
Besides the variations in component models and parameters that are described in
the following sections, two variations of the system simulation approach were utilized:
1. For most of the simulations presented here, the cooling tower control was
modeled as a boundary condition taken from the experiment. In this case, all
control interactions are, in effect, treated as boundary conditions, and the primary
question of interest is the degree to which heat pump entering fluid temperatures
can be correctly predicted. Secondary comparisons of interest include heat
transfer rates of the various components. This type of simulation was particularly
useful when “debugging” the validation, as fluid temperatures at any point in the
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loop could be compared directly against the experimental measurements at any
time.
2. For the other simulations, the cooling tower control was modeled with a controller
that mimicked the actual controller. Ultimately, this is the simulation that is of
interest for validation from a designer’s perspective. In this case, the questions to
be asked include the degree to which the energy consumption can be predicted,
the cooling tower run time, and the maximum entering fluid temperature. It is
expected that, at best, the cooling tower run time fraction might be reasonably
well predicted over a day. It is not expected that the cooling tower start/stop
times can be accurately predicted.
For the second simulation approach, one additional boundary condition is an
on/off signal that indicates whether or not the cooling tower may be operated. This
prevented the simulation from running the cooling tower during the heating season or
during several maintenance periods when it was turned off.
The validation simulations were performed in the order given above. The work
started with the models and parameters that would be feasible for a designer to obtain in
advance of constructing and operating the system. While keeping the cooling tower
control fixed as a boundary condition, discrepancies in temperatures were addressed by
improving the individual models or their parameters. Then, the simulations with the
cooling tower controller explicitly modeled were performed. Starting with the final
improved simulation, one could then work backwards to find the initial designer-feasible
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models and parameters, and compare the heat pump energy consumption, cooling tower
run time, and maximum entering fluid temperature. The HVACSim+ visual tool
schematic of the HGSHP system can be seen below in Figures 2.5 and 2.6. Figure 2.5
shows the full schematic with all system connections shown. Each of the system
components are identified. Blocks labeled “HEATER” are the empirical heat gain/loss
component model. Figure 2.6 shows the flow from component to component.
Figure 2.5 HVACSim+ visual tool model showing system connections.
39
Figure 2.6 HVACSim+ visual tool model showing flow direction.
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3. EXPERIMENTAL VALIDATION OF HYBRID GROUND SOURCE HEAT
PUMP SYSTEMS
Seven months (March to September 2005) of five-minutely experimental data
from an HGSHP system were used for validation purposes. The source side of the
system consists of two packaged water-to-water heat pumps, a three-borehole ground
loop heat exchanger, and a direct contact evaporative cooling tower, isolated by a plate
frame heat exchanger. The load side serves two small buildings with hydronic heating
and cooling. Experimental validations of each component simulation and the entire
system simulation are presented below.
3.1. Experimental Facility
The data used to validate the component and system simulations were collected
from the HGSHP research facility (Hern 2004) located on the campus of Oklahoma State
University. Chilled water and hot water generated with the plant serve two small
buildings. Below is a description of the experimental facility; a more detailed description
of the facility is given by Hern (2004). Below, Figure 3.1 shows the HGSHP
configuration and Figure 3.2 shows a picture showing the experimental facility.
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Figure 3.1 HGSHP configuration for validation.
Figure 3.2 OSU’s HGSHP research facility.
Plant Building
North Test Cell
Cooling Tower
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3.1.1. Heat Pumps
Two identical water-to-water heat pumps (Florida Heat Pump WP036–1CSC–
FXX), of nominal capacity 10.6 kW (3 ton) are used to provide the chilled water and hot
water. For the time period of interest in this simulation, only one heat pump is used at a
time. Heating was provided between March 1 and March 29; after which cooling was
provided. As the system simulation took the load imposed on the heat pump as a
boundary condition, it was possible to model the system with a single heat pump.
Catalog data – 35 points in cooling and 25 points in heating mode – at a range of flow
rates and entering water temperatures on both the source side and load side obtained from
the manufacturer are shown below in Table 3.1. Figure 3.3, below, shows the heat pumps
inside the plant building.
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Figure 3.3 Heat pumps inside the plant building.
Heat Pumps
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Table 3.1 Heat pump catalog data. (Florida Heat Pump 2005).
Cooling Performance Data Heating Performance Data
Based on 7 GPM chilled fluid and 10oF condenser fluid temp rise. Based on 7 GPM source side flow and 10oF load temp rise.
Leaving
Chilled
Fluid
(oF)
Entering
Cond.
Fluid
(oF)
Total
Cap.
(Tons)
Total
Cap.
(BtuH)
Power
Input
(Watts)
EER
Heat
Rejection
(BtuH)
Leaving
Load
Fluid
(oF)
Entering
Source
Fluid
(oF)
Heating
Cap.
(BtuH)
Power
Input
(Watts)
COP
Heat of
Absorb.
(BtuH)
75o 2.66 31,965 2,251 14.2 39,645 35o 29,085 2,219 3.8 21,513
80o 2.56 30,717 2,330 13.2 38,667 40o 31,872 2,321 4 23,953
85o 2.45 29,456 2,403 12.3 37,654 50o 37,802 2,502 4.4 29,266
90o 2.35 28,184 2,469 11.4 36,609 60o 44,205 2,651 4.9 35,158
40o
95o 2.24 26,906 2,529 10.6 35,536
100o
70o 51,090 2,767 5.4 41,649
75o 2.78 33,410 2,277 14.7 41,177 35o 27,432 2,296 3.5 19,599
80o 2.68 32,120 2,360 13.6 40,174 40o 30,205 2,417 3.7 21,958
85o 2.57 30,817 2,438 12.6 39,135 50o 36,035 2,640 4 27,027
90o 2.46 29,505 2,509 11.8 38,066 60o 42,308 2,831 4.4 32,649
42o
95o 2.35 28,187 2,574 11 36,969
110o
70o 49,024 2,988 4.8 38,829
75o 2.91 34,899 2,300 15.2 42,749 35o 25,686 2,350 3.2 17,667
80o 2.8 33,565 2,389 14.1 41,717 40o 28,418 2,494 3.3 19,910
85o 2.68 32,219 2,471 13 40,651 50o 34,177 2,759 3.6 24,765
90o 2.57 30,864 2,548 12.1 39,556 60o 40,311 2,993 3.9 30,098
44o
95o 2.46 29,504 2,617 11.3 38,434
120o
70o 46,859 3,193 4.3 35,963
75o 2.97 35,669 2,311 15.4 43,555 35o 24,772 2,370 3.1 16,685
80o 2.86 34,312 2,402 14.3 42,509 40o 27,508 2,524 3.2 18,897
85o 2.75 32,943 2,487 13.3 41,429 50o 33,210 2,811 3.5 23,618
90o 2.63 31,566 2,566 12.3 40,320 60o 39,282 3,068 3.8 28,813
45o
95o 2.51 30,167 2,639 11.4 39,171
125o
70o 45,747 3,291 4.1 34,519
75o 3.04 36,450 2,322 15.7 44,371 35o 23,839 2,385 2.9 15,703
80o 2.92 35,054 2,416 14.5 43,298 40o 26,565 2,549 3.1 17,866
85o 2.81 33,662 2,503 13.5 42,203 50o 32,227 2,860 3.3 22,470
90o 2.69 32,262 2,584 12.5 41,080 60o 38,236 3,139 3.6 27,526
46o
95o 2.57 30,858 2,659 11.6 39,931
130o
70o 44,606 3,385 3.9 33,056
75o 3.17 38,032 2,342 16.2 46,023
80o 3.05 36,603 2,440 15 44,930
85o 2.93 35,148 2,533 13.9 43,792
90o 2.81 33,701 2,619 12.9 42,638
48o
95o 2.69 32,250 2,699 12 41,460
75o 3.31 39,663 2,361 16.8 47,717
80o 3.18 38,183 2,464 15.5 46,589
85o 3.06 36,693 2,561 14.3 45,431
90o 2.93 35,181 2,653 13.3 44,232
50o
95o 2.81 33,682 2,738 12.3 43,022
The facility allows the source side of the heat pumps to be connected to a ground
loop heat exchanger, an evaporative cooling tower, and/or a pond loop heat exchanger.
These can be connected in any combination, but for the duration of these experiments,
they were configured as a typical HGSHP system, with a GLHE, and a cooling tower.
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The isolation heat exchanger was connected in series with the GLHE, and the cooling
tower was switched on and off based on the difference in the exiting heat pump fluid
temperature and the outdoor ambient wet-bulb temperature.
3.1.2. GLHE
The GLHE has, in total, 4 vertical boreholes and one horizontal loop. For these
experiments, only 3 vertical boreholes are connected, as shown in Figure 3.1. The
vertical boreholes are each approximately 75 meters (246 ft) deep, 114 mm (4.5 in.) in
diameter and consist of a single HDPE U-tube of nominal diameter 19.05 mm (0.75 in.),
backfilled with bentonite grout. In situ measurements of undisturbed ground temperature
and thermal conductivity made by Hern (2004) are discussed in Section 3.2.2.
3.1.3. Cooling Tower
A direct-contact evaporative cooling tower, shown in Figure 3.4, (Amcot ST-5)
with nominal capacity of 17.6 kW (5 ton) (defined at a water flow rate of 0.63 L/s (10
GPM) being cooled from 35ºC (95ºF) to 29.4ºC (85ºF) with an outdoor wet-bulb
temperature of 25.6ºC (78ºF)) is connected to the source-side of the heat pumps via an
isolation heat exchanger. No other performance data are available from the
manufacturer. From the performance data given the overall heat transfer coefficient
(UA) was calculated to be approximately 800 W/K. Performance data obtained from the
manufacturer is shown below in Table 3.2.
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Table 3.2 Cooling tower manufacturer’s data. (Amcot 2005).
Dimesnsions
(inch) Pipe Connections (inch)
Model
height diameter in out O Dr FLO Q
Fan
Motor
(HP)
Fan
Diameter
(inch)
Air
Volume
(CFM)
Nominal
Water
Flow
(GPM)
Pump
Head
(FT.)
5 52 34 1.5 1.5 1 0.75 0.5 0.167 19.5 2,100 10 5
Figure 3.4 Amcot cooling tower.
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3.1.4. Plate Heat Exchanger
The plate frame heat exchanger, shown in Figure 3.5, (Paul Mueller PHE AT4C-
20) has a nominal capacity of 9.3 kW (2.6 ton) with flow rates of 0.5 L/s (8 GPM) on
both sides of the heat exchanger and a temperature difference of 19.4ºC (35ºF) between
the inlet temperatures. The manufacturer gave an additional 15 data points at various
flow rates and temperatures as shown below in Table 3.3.
Figure 3.5 Plate heat exchanger.
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Table 3.3 Plate heat exchanger manufacturer’s data.
(Data obtained by manufacturer via e-mail).
Loop Side (Hot) CT Side (Cold)
EFT
(ºF)
Flow rate
(GPM)
EFT
(ºF)
Flow rate
(GPM)
HTR
(Btu/hr)
LMTD
(ºF)
U
(Btu/ft2-
hr-ºF)
Heat
Transfer
Area (ft2)
100 6 75 6 21,448 17.8 405 3
120 6 85 6 23,737 27.0 296 3
140 6 95 6 35,467 33.0 361 3
100 8 75 8 28,597 17.8 540 3
120 8 85 8 31,650 27.0 394 3
140 8 95 8 47,289 33.0 482 3
100 12 75 12 41,703 18.0 779 3
120 12 85 12 47,474 27.0 591 3
140 12 95 12 70,934 33.0 723 3
100 14 75 14 47,262 18.2 874 3
120 14 85 14 55,387 27.0 690 3
140 14 95 14 82,756 33.0 843 3
140 6 95 10 56,200 29.7 638 3
140 12 95 8 70,934 30.0 797 3
140 14 95 6 62,046 29.7 704 3
120 10 85 14 59,368 24.7 809 3
120 6 85 14 44,540 24.0 624 3
120 8 85 12 51,457 24.1 718 3
3.1.5. Piping
In addition to the components that are shown explicitly in Figure 3.1, there is
buried piping that connects the GLHE to the plant building (approximately 30 m (98 ft)
in each direction), buried piping that connects the cooling tower to the plant building
(approximately 31 m (102 ft) in each direction), and exposed (to the plant room
environment) piping that connects the components inside the building. Under many
conditions, e.g. when the piping is insulated, heat losses and gains to/from the piping may
be negligible. However, buried, uninsulated piping, as used to connect the cooling tower
and GLHE has a not-insignificant amount of heat transfer.
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3.1.6. Experimental Measurement Uncertainty
A detailed uncertainty analysis was performed by Hern (2004). As can be seen
from Figure 3.1, thermocouples, with an uncertainty of approximately ±0.11ºC (±0.2ºF),
were placed on the inlets and outlets of all components. Vortex and paddle wheel flow
meters were utilized to measure flow through the heat pump – GLHE loop and through
the cooling tower loop; expressions for their uncertainty were given by Hern (2004).
Heat transfer rates are determined as the product of the mass flow rate, specific
heat, and T. Given the uncertainty in temperature measurement, the fractional
uncertainty in the temperature difference measurement is:
T
C
e t 
±
=
o16.0 (3.1)
Then, the fractional uncertainty of the heat transfer rate may be given as:
22
flowtHTR eee +±=  (3.2)
where eflow = fractional error in the flow rate.
Actual uncertainties vary with time and are shown with the results.
3.2. Component and System Model Validation-Cooling Tower Operation Set with
Boundary Condition
In this section, validations of each component model, individually and within the
system simulation, are presented. “Individually” means validation of the component
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model by itself where the input temperatures are taken from experimental data. “Within
the system simulation” means validation of the component model where the input
temperatures are computed by the system simulation, when all fluid temperatures are
being solved simultaneously. In addition, the model parameters determined from
manufacturer’s data and improvements based on calibration are discussed.
3.2.1. Heat Pump Model
The coefficients of the heat pump used for the model described in Section 2.2.1
were developed in Excel using a Visual Basic for Applications (VBA) program written
by Tang (2005). The coefficient “calculator” takes the manufacturer’s data, and fits
equation coefficients utilizing the generalized least squares method. The coefficients are
listed below in Table 3.4.
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Table 3.4 Heat pump coefficients.
Coefficient Name
Coefficients
obtained
through
Manufacturer’s
Data
Coefficients
obtained
through
Experimental
Data
1st COP Coefficient in Heating Capacity 1.41266 -5.61874
2nd COP Coefficient in Heating Capacity -4.04836 -0.04688
3rd COP Coefficient in Heating Capacity 0.14638 5.84694
4th COP Coefficient in Heating Capacity 1.98893 0.99705
5th COP Coefficient in Heating Capacity 1.70755 -0.25909
1st COP Coefficient in Heating Compressor Power -5.72324 -6.86601
2nd COP Coefficient in Heating Compressor Power 19.86488 7.04857
3rd COP Coefficient in Heating Compressor Power -0.70239 0.11919
4th COP Coefficient in Heating Compressor Power -10.32428 0.02566
5th COP Coefficient in Heating Compressor Power -2.47377 0.03218
1st COP Coefficient in Heating Extraction 0.00551 -7.83259
2nd COP Coefficient in Heating Extraction -0.00004 -2.82569
3rd COP Coefficient in Heating Extraction 0.00001 10.98915
4th COP Coefficient in Heating Extraction 0.27928 0.10341
5th COP Coefficient in Heating Extraction 1.00001 0.67269
1st COP Coefficient in Cooling Capacity 1.41266 -4.13867
2nd COP Coefficient in Cooling Capacity -4.04836 5.67839
3rd COP Coefficient in Cooling Capacity 0.14638 -1.47811
4th COP Coefficient in Cooling Capacity 1.98893 0.67561
5th COP Coefficient in Cooling Capacity 1.70755 0.01583
1st COP Coefficient in Cooling Compressor Power -5.72324 -5.80673
2nd COP Coefficient in Cooling Compressor Power 19.86488 0.39063
3rd COP Coefficient in Cooling Compressor Power -0.70239 6.22099
4th COP Coefficient in Cooling Compressor Power -10.32428 -0.01139
5th COP Coefficient in Cooling Compressor Power -2.47377 -0.09678
1st COP Coefficient in Heating Rejection 0.00551 -6.24958
2nd COP Coefficient in Heating Rejection -0.00004 6.29918
3rd COP Coefficient in Heating Rejection 0.00001 0.54542
4th COP Coefficient in Heating Rejection 0.27928 0.15376
5th COP Coefficient in Heating Rejection 1.00001 0.05115
The model using these coefficients is labeled as “uncalibrated” in Figures 3.6-3.8.
The model gave poor results in heating mode due to the fact that the actual flow rates on
both sides of the heat pump were larger than catalog data. This may be unavoidable in
equation-fit models and could perhaps be addressed by specifying flow rate and
temperature limits in the component model. However, it was addressed in our case by
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using thousands of experimentally-measured data points in the data set and recalculating
the model coefficients. Table 3.5 and Figures 3.6 and 3.7 show substantial improvements
when this calibration is done. Or, it could be addressed by using a parameter-estimation
based model (Jin and Spitler 2003). However, a recommendation for system designers is
still needed and is a subject of future work.
Table 3.5 Summary of uncertainties in HP model.
Model
Source
Side HTR
RMSE (W)
Source
Side HTR
Mean Bias
Error (W)
Load Side
HTR RMSE
(W)
Load Side
HTR Mean
Bias Error
(W)
Power
RMSE (W)
Power
Mean Bias
Error (W)
Source Side
HTR Typical
Uncertainty
Load Side
HTR Typical
Uncertainty
Power Typical
Uncertainty
Simulated (calibrated
system simulation) 451 -141 171 -33 77 -32
Simulated (calibrated
component simulation) 457 -179 72 12 27 5
Simulated (uncalibrated
component simulation) 1823 1113 751 -333 414 -81
450 W 500 W 4.5 W
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Figure 3.6 HP source side ExFT for a typical heating day.
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Figure 3.7 HP source side ExFT for a typical cooling day.
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Figure 3.8 HP energy consumption and load for a typical heating day.
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3.2.2. Ground-Loop Heat Exchanger Model
The GLHE model requires specification of a number of parameters related to the
geometry and thermal properties of the fluid, grout, and surrounding ground. While there
are many parameters, the results are moderately sensitive to three parameters that are
challenging to estimate precisely: the undisturbed ground temperature, the effective grout
thermal conductivity, and the effective ground thermal conductivity.
For larger commercial systems, these parameters are typically estimated as part of
an in situ thermal conductivity test, which would be performed for one or a few test
boreholes. (Austin et al. 2000, Shonder and Beck 2000, Gehlin and Nordell 2003, Sanner
et al. 2005). Additional uncertainty, beyond sensor errors, is introduced because of the
nonhomogeneous nature of the ground; the time-varying nature of the undisturbed ground
temperature, which is affected by seasonal changes near the surface; and downhole
variations in the U-tube location and borehole diameter. Hern (2004) measured all three
boreholes; the range of values and mean value are summarized in Table 3.6. The
calibrated values, presented in the table, are found by minimizing the sum-of-the-squares-
of-the-error of the GLHE exiting fluid temperature for the seven-month period evaluated
here. The minimization was done with a univariate process applied iteratively. Because
the parameters are interrelated, the calibration may find best-fit values that are outside the
estimated uncertainty range of the experimental measurements, as found for the effective
grout thermal conductivity.
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Table 3.6 GLHE Parameters.
Parameter
Range
measured by
Hern (2004)
Mean measured
by Hern (2004)
Estimated
Uncertainty
Calibrated
Value
Undisturbed ground
temperature (oC) 17.1-17.4 17.25 ± 1.0 º C 18
Undisturbed ground
temperature (oF) 62.78-63.32 63.05 ± 1.8 º F 64.4
Effective grout thermal
conductivity (W/m-K) 1.07-1.19 1.11 ± 15% 1.56
Effective grout thermal
conductivity (Btu/hr-ft-oF) 0.62-0.69 0.64 ± 15% 0.90
Effective ground thermal
conductivity (W/m-K) 2.37-2.68 2.54 ± 15% 2.25
Effective ground thermal
conductivity (Btu/hr-ft-oF) 1.37-1.55 1.47 ± 15% 1.30
Figure 3.9 compares experimental and simulated outlet temperatures resulting
from the component GLHE simulation (calibrated and uncalibrated) as well as the system
simulation (calibrated only) for five hours of a typical cooling day. Figure 3.10 gives the
heat transfer rates for the same time period. During these five hours, the heat pump went
through two on/off cycles. During the off portion of the cycle, it may be noted that there
is a small negative heat transfer rate. The circulation pump was operated continuously.
Also, during this time period, the cooling tower was operated continuously, and heat was
exchanged between the ground and the horizontal piping that runs between the plant and
the cooling tower. The net effect is the small negative heat transfer rate; i.e. heat is being
extracted from the ground, and is “pre-cooling” the ground during the heat pump off
cycle.
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Figure 3.9 GLHE ExFTs for five hours of a typical cooling day.
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Figure 3.10 GLHE heat transfer (rejection) rates for five hours of a typical
cooling day.
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For the component simulations, the experimental inlet temperature was used to
drive the model. As expected, the calibrated component model simulation with the
correct inlet temperature gives the best results. It represents a small improvement over
the uncalibrated component model simulation. It may be inferred from this that the
thermal properties measured with the in situ test give adequate accuracy. The system
simulation, which uses the inlet temperature calculated by the simulation, shows an
increased amount of error.
For the uncalibrated component model simulation, the RMSE of the heat transfer
rate over the seven month evaluation period is 463 W; the mean bias error (MBE) is 10
W; the simulation predicted, on average, 10 W more heat rejection than was
experimentally measured. The calibrated component model simulation has a lower
RMSE of 377 W, but an MBE of 320 W. This suggests that the calibration procedure
might be rethought – perhaps the sum of the squares of the error criterion is not the best.
Finally, when the calibrated model is run as part of the system simulation, the RMSE
increases to 652 W, but the MBE drops to 62 W.
These errors should be compared to the experimental uncertainty of the heat
transfer measurement. The uncertainty varies with flow rate and T, but a typical value
when the heat pump is operating is ±400 W. Figure 3.10 shows the upper and lower
bounds on the experimental uncertainty. As shown, the system simulation produces some
results that are just outside the bounds of experimental uncertainty.
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3.2.3. Cooling Tower Model
As the cooling tower manufacturer gave only a single operating point as catalog
data, the first cooling tower model utilized a fixed UA value of 800 W/K. For larger
cooling towers, additional manufacturer’s data should be available to support a variable-
UA model. For our experiment, the variable UA model was developed based on
measured data, resulting in:
[ ]
moistairp
pe
awe C
C
mmUA
,
41.011.1764 &&= (3.3)
Figures 3.11 and 3.12 show results for a portion of a typical cooling day, with
several cooling tower on/off cycles. Here, the uncalibrated component simulation
represents the results from the fixed UA model; while the calibrated simulations represent
results with the variable-UA model. The model improvements do not result in obviously
significant improvements in the model predictions. The RMSE in the heat transfer rate is
862 W for the uncalibrated component simulation. Going to the calibrated variable UA
model only reduces the RMSE to 762 W. However, the MBE goes from 329 W to 71 W
of overprediction by the simulation. When the calibrated model is simulated as part of
the system, the RMSE is 359 W and the MBE is 16 W of underprediction by the
simulation.
The lower and upper bounds of the experimental uncertainty in the cooling tower
heat transfer rate measurement are shown in Figure 3.12. In addition, the simulation has
an experimental uncertainty component – the wet-bulb temperature (an input) has a
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typical uncertainty of ± 0.5ºC – and this results in an uncertainty in the simulation results.
Error bars are shown for two sample points in Figure 3.12. The uncertainty caused by the
uncertainty in the wet-bulb temperature appears to be the limiting factor in the
simulation. This also suggests that, in practice, caution is warranted in using a control
based on wet-bulb temperature.
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Figure 3.11 Cooling tower ExFTs for a typical cooling day.
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Figure 3.12 Cooling tower heat transfer rates for a typical cooling day.
3.2.4. Plate Frame Heat Exchanger Model
Sixteen data points were available from the manufacturer of the plate frame heat
exchanger model. Initially, a fixed UA model was utilized for the heat exchanger with a
value of 800 W/K, given by the manufacturer’s data. However, calculation of the UA
value at every time step based on experimental measurements revealed two interesting
phenomena:
1. First, the UA varied moderately as fluid flow rates and temperatures changed.
This phenomenon was addressed by developing the parameter estimation-based
model, based on the general concept of Rabehl, et al. (1999), as described above.
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2. More significantly, the UA decreased substantially over the seven month period
of experimentation. Significant fouling was observed on the cooling tower supply
side of the loop, and a chemical treatment regime introduced belatedly did not
reverse the UA degradation. Prediction of fouling does not seem to be feasible, so
a heuristic approach was taken by adding a fouling factor that increased linearly
with time.
Figure 3.13 shows a comparison of the various simulations with the experimental
results. Clearly, the original approach, without the fouling adjustment, yields large
errors. With the fouling adjustment the system simulations give heat transfer rates that
are substantially improved. However, the model results are better for the typical cooling
day than other days. The RMSE of the heat transfer rate prediction is 1839 W for the
uncalibrated model; 854 W for the calibrated model; and 968 W for the calibrated model
in the system simulation. The MBE is 1380 W of overprediction for the uncalibrated
model; 311 W of overprediction for the calibrated model; and 3 W of underprediction for
the calibrated model in the system simulation. So, while the calibration process helps
significantly, the inherently unpredictable nature of fouling leaves a difficulty for the
system designer.
62
Plate Frame HX Heat Transfer Rate
0
1000
2000
3000
4000
5000
6000
9/23/05 7:12 9/23/05 8:24 9/23/05 9:36 9/23/05 10:48 9/23/05 12:00 9/23/05 13:12 9/23/05 14:24 9/23/05 15:36 9/23/05 16:48 9/23/05 18:00
HT
R
(W
)
Experimental
Simulated (calibrated system simulation)
Simulated (calibrated component simulation)
Simulated (uncalibrated component simulation)
Experimental + uncertainty
Experimental - uncertainty
Figure 3.13 Plate frame HX heat transfer rate for a typical cooling day.
3.3. System Model Validation-Cooling Tower Control Simulated
After adjusting component models and their parameters while setting the cooling
tower operation to exactly match the experimental data, attention may be turned to the
broader question of how the model performs with the cooling tower control explicitly
modeled. Again, this is the simulation that is of interest for validation from a designer’s
perspective. The starting case (uncalibrated system simulation) will be compared to the
improved heat pump model case, the final case (calibrated system simulation), and
experimental results. Three results are of primary interest: system energy consumption,
cooling tower run time, and maximum entering fluid temperature to the heat pump.
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Starting with the system energy consumption, Figure 3.14 shows the component-
by-component energy consumption over the period of April to September of the
uncalibrated system simulation, the improved heat pump model, the final calibrated
system simulation, and the experimental results. It should be noted that the heat pump
model, with the flow rate outside the manufacturer’s data used to generate the polynomial
coefficients gave negative power values for heat pump operation during the month of
March (heating season) and therefore March is not included in the figure. During this six
month period the uncalibrated system simulation overpredicts the energy consumption by
more than 8%, and if the month of March were included the deviation would be even
greater. As is shown by calibrating just the heat pump model improves the prediction to
where the simulation underpredicts experimentally measured energy consumption by
6.1%. The final calibrated system simulation improves the accuracy of the energy
consumption prediction to within 5%. As was previously shown, the calibration
improved the fidelity of the model with respect to fluid temperatures and heat transfer
rates and as can be seen from Figure 3.14 this translated into improvements in energy
consumption prediction. The inaccuracy of the uncalibrated system simulation was
primarily due to problems with the heat pump operating outside catalog data. With the
calibrated heat pump model the results provide hope that, for the designer, reasonable
accuracy in predicting energy consumption can be had with information available at the
time of the design. This presumes that the heat pump is operated within the
manufacturer’s data or that a model with better performance, such as a parameter-
estimation-based model, is used.
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Figure 3.14 System energy consumption, April-September. Note: Y-axis begins at
3,500 kW-hr.
The monthly energy consumption for the uncalibrated simulation, final calibrated
simulation, and the experimental results are shown in Figure 3.15. Most months show
significant improvement when the heat pump model is calibrated and further
improvement with all of the other components calibrated.
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Monthly Energy Consumption
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Figure 3.15 Experimental vs. simulated (calibrated and uncalibrated) monthly energy
consumption.
The cooling tower run times predicted by each model variation and the
experiment are summarized in Table 3.7. Again, all variations of the model fall within a
few percent of the experimental results, and this accuracy should be quite adequate for
any design simulation.
Table 3.7 Cooling tower run times.
Uncalibrated
System
Simulation
Improved HP
Model
Calibrated
System
Simulation
Experimental
Cooling Tower Run
Time (Hours) 1,805 1,686 1,745 1,786
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A final parameter of interest is the predicted maximum entering fluid temperature.
Ground loop heat exchangers serving cooling-dominated buildings are generally sized to
not exceed a maximum entering fluid temperature, so this parameter is of particular
interest. As shown in Table 3.8, all of the simulations overpredict the maximum entering
fluid temperature, although the model improvements generally increase the accuracy.
Table 3.8 Maximum heat pump entering fluid temperatures.
Uncalibrated
System
Simulation
Improved
HP
Model
Calibrated
System
Simulation
Experimental
Max HP
EFT (ºC) 32.7 30.3 30.5 29. 9
3.4. Conclusions/Recommendations
This section described a validation of a hybrid ground source heat pump system
simulation, previously unreported in the literature. The validation was considered from
two perspectives. First, it was considered from the researcher’s perspective, where
calibration of individual model components can be used to improve the match between
simulation and experiment and provide insight into the nature of the model performance.
From this perspective, the simulation is able to provide an acceptable match to the
experimental results. In particular, calibration of the heat pump model gives a significant
improvement in the results. Calibration of the cooling tower model and plate frame heat
exchanger model give significant improvements, but limitations in the accuracy of the
wet-bulb temperature measurement and knowledge of fouling are obstacles to achieving
further improvements.
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Second, the validation was considered from the designer’s or simulation user’s
perspective, where calibration of models based on operating data is impossible since the
simulation is informing the design. From this perspective, the performance of the system
simulation with all models relying only on manufacturers’ data was good. The problem
with the starting case was principally due to operating the heat pumps outside the range
of catalog data provided by the manufacturer. Caution is warranted in applying equation-
fit models outside the range of data used to fit the data.
Recommendations for further research and development include the following:
1. As horizontally-buried piping is a common feature of GSHP systems, it would be
useful to have a component model that covers this feature.
2. The equation-fit-based heat pump model used here performed poorly with
catalog data. A parameter-estimation-based model and/or some checks on the
input data to the model combined with some more intelligent extrapolation should
be investigated.
3. The sensitivity of the cooling tower results to the uncertainty in wet-bulb
temperature suggests caution by practitioners when using control based on the
wet-bulb temperature. Further research into control strategies that either do not
depend on the wet-bulb temperature or that only partly depend on the wet-bulb
temperature is warranted.
4. While it is almost certainly impossible to predict fouling in an accurate manner,
research that investigates fouling scenarios and approximate approaches may
make it possible to develop recommendations for designers. Also, fouling factors
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for the system with cooling towers should be investigated and tabulated for
designers’ use.
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4. WATER-LOOP HEAT PUMP SYSTEM MODELING IN ENERGYPLUS AND
HVACSIM+
4.1. Introduction
As has been previously discussed WLHP systems are heating and cooling systems
that are used in commercial and institutional applications to provide space heating and
cooling to multiple zones. Water is pumped through each heat pump via a piping system
(loop). Heat pumps running in heating mode remove heat from the loop, while heat
pumps running in cooling mode reject heat to the loop. The water is maintained within a
desired range of temperatures with the assistance of a heat rejecter, e.g. cooling tower or
fluid cooler and a heat source, e.g. a boiler. When the system is running with some heat
pumps in heating and some in cooling, heat that may be removed from one zone can be
added to another, saving energy.
This chapter, along with Chapters 5 and 6, is aimed at better understanding the
impact of the loop temperature control and development of optimized control strategies.
Two simulation environments will be used to model the WLHP system in order to allow
intermodel validation. Chapter 5 will present experimental validation of the model and
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Chapter 6 will present the use of the model to investigate the optimization of control
strategies.
4.1.1. Background/Literature Review
WLHP systems, in commercial heating, ventilating, and air-conditioning (HVAC)
applications, date back as far as 1962 (Howell and Zaidi 1991). Interest in WLHP
systems, due to their energy saving capabilities, has grown a great deal, particularly since
the mid 1980’s (Howell and Zaidi 1990, Pietsch 1990).
A WLHP system consists of a set of water-source heat pumps (WSHP), typically
water-to-air heat pumps connected to a two-pipe system, a supply loop of pipes and
return loop of pipes connecting the water side of all of the heat pumps, a main circulating
pump, a heat rejection device (e.g. evaporative cooling tower), and a heat addition device
(e.g. boiler). The WLHP system is ideal for applications where different parts of the
building may be calling for cooling and heating simultaneously. In a WLHP system, the
loop acts as a heat source or heat sink, depending upon operating mode. One benefit of
the WLHP system is its heat recovery ability. If there is a situation where heat pumps in
the core of a building are in cooling mode, the heat that is rejected to the loop can be used
by other heat pumps that are in heating mode, such as perimeter heat. Although they can
be used in other applications, WLHP systems are typically going to be found in
commercial and institutional applications where at least 100 tons of capacity is needed
(Hughes 1990).
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In controlling WLHP systems the conventional practice most commonly
described (Howell 1988; Hughes 1990; Pietsch 1990; Howell and Zaidi 1990; Pietsch
1991; Howell and Zaidi 1991) is to run the WLHP system between 15.6ºC (60ºF) and
32.2ºC (90ºF). Other set points have been presented. Hughes (1990), when surveying
current system configuration in practice, determined that typical application temperature
extremes for all of the United States to be 18.3ºC (65ºF) and 29.4ºC (85ºF). Kush and
Brunner (1991), in trying to optimize WLHP design and performance, determined that in
order to reduce the boiler use and increase performance the minimum loop temperature
should be to held to 18.3ºC (65ºF) or “slightly less”. Kush and Brunner also determined
that in order to increase the cooling performance it is beneficial to hold the maximum
loop temperature to 29.4ºC (85ºF) or “slightly below.”
Pietsch (1991), in an effort to optimize the loop temperatures of WLHP systems,
suggested that there could be savings potential operating in mixed heating and cooling
mode at an optimum temperature or at a fixed, constant temperature. He determined that
the optimum operating temperature will vary based on the heating-to-cooling load ratios
according to the following equation.
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where
=ARIEER energy efficiency ratio (EER) at Air-Conditioning and
Refrigeration Institute (ARI) rating conditions, dimensionless
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= ARIHCOP
heating coefficient of performance at ARI rating conditions,
dimensionless
=hQ perimeter heating load, Btu/h (W)
=cQ core cooling load, Btu/h (W)
Pietsch concluded that, although feasible, determining the precise heating-to-cooling load
ratio to vary the loop temperature would be extremely difficult. Therefore he examined
setting the loop to temperature to a constant 7.2ºC (45ºF) and 15.6º (60ºF). He
determined that the average power inputs for the two fixed cases and the optimum
temperature case are essentially the same. His conclusion is “operating at a loop
temperature level that is consistent with the lowest feasible heat pump operating
temperature would provide near-optimum heat pump operation” (Pietsch 1991). A
problem that could arise with such a control scheme (operating the loop at a single
setpoint) is the effect of cycling the cooling tower and boiler at a fast rate.
In an effort to validate existing WLHP models, Cane et al. (1993) reviewed three
models of WLHP systems in commercially available energy analysis programs. The
review included a validation of the models’ predicted energy consumption of the HVAC
system against measured building energy consumption. With each model (models A, B,
and C) all heat pumps that were located within a thermal zone were simulated as one
large heat pump. With models A and B, minimum and maximum temperature limits are
set and an energy balance is performed on the water loop. If the calculated loop
temperature rises above the maximum temperature limit the cooling tower is activated,
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and if the calculated loop temperature falls below the minimum temperature limit the
boiler is activated. Model C uses the ASHRAE modified monthly bin method and
therefore cannot perform an energy balance on the water loop. As a result the model sets
the loop temperature to either the minimum set point or the maximum set point,
depending on the cooling load to heating load ratio. Cane et al. conclude that the three
models predict total building energy use within 1% to 15% of measured data. Although
they agree this is very good, they state that the models hide “the wide variations observed
at the HVAC system and component levels” (Cane et al. 1993). Several problems that
are noted with the models are their inability to model variable-capacity pumping, their
inefficiency to model thermal storage simply by increasing water volume, and their
inability to handle ground-coupling.
Howell and Zaidi (1991) developed several parameters (annual heat recovery,
savings in cooling energy, and annual savings in heating and cooling energy) to indicate
the energy performance of WLHP systems. These parameters were developed by
simulating a WLHP system using a commercially available energy analysis program
based on the following parameters; building shape, building core to perimeter ratio, and
geographic location. Their methodology was as follows. The annual heat recovery (HR)
on a percent basis is given by the following equation.
100)( ×+= QH
BHPHQHHR (4.2)
where
=QH annual building heating requirement, kW-hr
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=PH annual energy required by heat pumps for heating, kW-hr
=BH annual energy required by boiler for heating, kW-hr
The savings in cooling energy (CS) on a percent basis is given by the following equation.
100×
+

= QREJPC
CTQREJCS (4.3)
where
=QREJ 3.0000,100/3412)( ×+ PCQC , kW-hr
=QC annual building cooling requirement, kW-hr
=PC annual energy required by heat pumps for cooling, kW-hr
=3.0 cooling tower power use factor, kW/100,000 Btuh
=000,100 Btu/h factor
=CT annual cooling tower energy required, kW-hr
The annual savings in heating and cooling energy (CHS) on a percent basis is given by
the following equation.
100)]([)( ×
+++
++
=
PUMPQREJPCQH
BHPHQHCTQREJCHS (4.4)
where
=PUMP annual energy required by water circulating pumps, kW-hr.
Hughes (1990) asserts that, generally speaking, in order to obtain high heat recovery rates
the core of a building must have a significant cooling load all year and a perimeter-
heating load during part of the year. They concluded that the use of a WLHP could save
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up to 20% on annual heating and cooling energy, although it is not clear what the savings
are compared to.
More recently Palahanska-Mavrov, et al. (2006) developed the following
theoretical models applied with a bin method to determine the optimum loop temperature.
The assumption is made that the building consists of two-zones: a perimeter zone and a
core zone. All heat pumps found within a thermal zone are treated as one heat pump.
When the perimeter zone is in cooling mode (k>0) and
dsysdsysc QkQQ ,, )1( ××+×=  (4.5)
0=hQ (4.6)
where
=cQ building cooling load, Btu/h (W)
=hQ building heating load, Btu/h (W)
=dsysQ , system design capacity, Btu/h (W)
= core zone load ratio (interior zone cooling load as a fraction of the
system design capacity), dimensionless
=k perimeter zone partial load ratio(ratio of perimeter zone
heating/cooling load and the perimeter zone cooling design load),
dimensionless
If the perimeter zone is in heating mode (k<0) then
dsysc QQ ,×= (4.7)
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dsysh QkQ ,)1( ××=  (4.8)
The compressor electricity consumption can then be calculated based on the following
equations.
c
c
c COP
QW = (4.9)
h
h
h COP
QW = (4.10)
The rejected and extracted heat to and from the loop is then expressed with the following
equations.
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Using the building heating and cooling load the water loop temperature change can then
be found with the following equation.
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The amount of heat added by the boiler or removed by the cooling tower can be
calculated from the equation below.
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TCmQ ploop = & (4.14)
If heat is being added, loopQ is negative, the boiler gas energy consumption can be
calculated as follows.
b
loop
boiler
Q
G

= (4.15)
where
=b boiler efficiency
The overall cost can then be calculated according to the following equation.
boilergashcelec GPWWPCOST ×++×= )( (4.16)
where
=elecP electricity costs, $/kW-hr.
=gasP gas costs, $/MMBtu
In their methodology Palahanska-Mavrov, et al. do not consider the costs associated with
circulating pumps, cooling tower, and fans. Palahanska-Mavrov, et al. concluded that the
optimal supply water temperature can be determined by minimizing the operating energy
costs recognizing that at full load conditions the supply water temperature is
recommended to be 3.3ºC (6ºF) higher than the outdoor air wet-bulb temperature. They
conclude that the optimal temperature schedule is strongly dependent on  and k. They
find one could reduce compressor and boiler operating costs by 24%, although they do
not state what they savings are based on or compared to.
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Other performance enhancing measures that were considered in the literature were
optimizing loop water flow rates (Pietsch 1990; Kush and Brunner 1991) and optimizing
thermal storage (Howell 1988; Pietsch 1990). Typical WLHP systems operate at
approximately 3GPM/ton (Pietsch 1990; Howell and Zaidi 1990; Kush and Brunner
1991). Pietsch (1990) found that for running a constant speed pump 24 hours a day, 365
days a year, flow rates from 1 to 2 GPM/ton yielded the optimum annual performance.
Pietsch found that this approach would save anywhere from 10% to 30% compared to
running the system at higher flow rates e.g. 3GPM/ton. Another approach, presented by
Pietsch, is to replace the constant speed pump with a variable speed pump and valve off
heat pumps that are not operating. It should be noted that this is now the standard
required by ASHRAE Standard 90.1-2004 (ASHRAE 2004) and California Title 24
(California Energy Commission 2005). The optimum flow found using the variable
speed pump was approximately 3 GPM/ton and could save an estimated 20% to 40%
over classical systems running at constant speed through all heat pumps. The variable
speed option would then save an additional 10% to the “reduced flow” method. Likewise
Kush and Brunner (1991) suggest a variable speed pumping system, showing energy
savings of up to 75% with perimeter pumping and approximately 35% with core pumping
compared to constant speed systems.
WLHP systems, without additional thermal storage, have little thermal storage
capabilities (Pietsch 1990). With a typical 15.6ºC – 32.2ºC (60ºF – 90ºF) system there is
typically 12 gallons or 100 lb of water per ton of cooling capacity (Pietsch 1990). Pietsch
suggests that most of the time the loop temperature is moving rapidly towards either the
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maximum or minimum set point. He also suggests that with no additional thermal
storage the rate of temperature change is approximately ¼ to ½ºF per minute, meaning
that the temperature could go from one extreme to the other within one to two hours.
Pietsch suggests savings of 25% to 35% during unoccupied periods, with adequate
thermal storage (50 to 100 gal/ton (50 to 100 L/kW)); although he also notes the cost of
adding extra thermal storage should be considered to determine the cost effectiveness of
adding thermal storage. Howell (1988) suggests savings of up to 12% annually on
HVAC energy consumption on a 54,000 ft2 (5,016m2) building by adding up to 16,000
gallons (61m3) of water storage compared to no storage.
4.1.2. Objectives
The main objective of this chapter is to develop a WLHP system model within
HVACSim+ and EnergyPlus. Within the scope of the main objective the following are
also desired:
• Develop a controller model that can be optimized to obtain the most
energy efficient settings.
• Test the HVACSim+ and EnergyPlus models using simulated building
loads.
• Compare the results against each other.
• Validate the HVACSim+ model with experimental data obtained at OSU
(see Chapter 5).
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• Make recommendations as to the optimal control of WLHP systems (see
Chapter 6).
4.2. Methodology – HVACSim+
Before developing the computer model of the WLHP system, typical system
designs were researched. ASHRAE Standard 90.1-2004 (ASHRAE 2004) and California
Title 24 (California Energy Commission 2005) were reviewed to make sure the simulated
system met current accepted standards. After reviewing the standards the system shown
below in Figure 4.1 was chosen as the standard configuration for the WLHP system
computer model.
The system has the following features
• N heat pumps plumbed in parallel, where N is set by the user.
• Each heat pump is equipped with a 2-way valve on the source
water supply that opens only when the heat pump is on.
• A variable speed pump with minimum flow 30% of full flow
capacity. The pump speed is controlled by the pressure difference
across the inlet and outlet of the heat pumps.
• A bypass opens when less than 30% of full flow is required with
the heat pumps on. This is necessary for system operation with a
single variable speed circulating pump with a 30% minimum flow
requirement.
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• A counter flow plate heat exchanger.
• A cooling tower with its own constant speed pump.
• A boiler with its own constant speed pump coupled to the heat
pump loop via a common pipe allowing the two sides of the loop
(heat pump and boiler) to operate at different flow conditions with
no interaction between the variable speed pump and the boilers
constant speed pump. For this system simulation the common pipe
is a “unidirectional flow” common pipe in that the flow through
the heat pump side of the loop will always be greater than the flow
through the boiler side of the loop and therefore the flow always
flows in one direction.
Heat
Pump 1
Heat
Pump 2
Boiler Cooling
Tower
Heat
Pump N
Delta P Signal
Plate
Heat
Exchanger
Variable
Speed Pump
Constant
Speed
Pump
Common Pipe
N=number of heat pumps
Constant
Speed
Pump
Bypass
Figure 4.1 WLHP design schematic.
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In developing an HVACSim+ WLHP system model, existing component models
for heat pumps, cooling towers, boilers, plate heat exchangers and pumps were analyzed
to determine the best model for use within a WLHP system simulation. The selection and
discussion of each component selected or developed is given below. In an effort to
simplify the system simulation it was decided to embed the WLHP controls within the
component models. The controls needed for the cooling tower were embedded inside the
cooling tower model and likewise the controls needed for the boiler were embedded
inside the boiler model. The simulation models flow by:
1. assuming the variable speed pump is controlled to maintain constant
pressure difference across the heat pumps.
2. therefore the flow rate is proportional to the number of heat pumps
operating at any give time step.
3. assuming the variable speed can not give less that 30% of the max flow
capacity.
4. with flow rate determined, the pump power is estimated with an equation
fit described in Section 4.2.4.1.
4.2.1. Heat Pump Model
The selected heat pump model is a simple water-to-water equation-fit model with
flow control developed by Xu (2006). The model is sometimes referred to as the “gang
of heat pumps” model and is designed to represent multiple heat pumps without the need
to have separate models for each individual heat pump. Per ASHRAE Standard 90.1 the
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heat pumps are assumed to be equipped with two-way valves. The total load seen by the
building during any given time step will be divided among the heat pumps. The model is
assumed to always meet the load.
The first step of the model is to determine the flow rate required to serve the heat
pumps that are on at any given time step. This is done by calculating the number of heat
pumps, in heating and cooling, that are needed to meet the required load, heating and
cooling, at any given time step. Once the number of heat pumps needed to meet the load
is determined the flow rate needed to operate these heat pumps is calculated. The
required flow for that time step is then sent to the variable speed pumping model,
discussed in Section 4.2.4.1., where the power required to operate the pump is calculated.
The heating and cooling COPs are computed based on heating and cooling COP
coefficients, the heat pump entering fluid temperature and the required flow rate for a
single heat pump. The COP fitted equations for both heating and cooling are shown
below in Equations 4.17 and 4.18 respectively.
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where
=heatingCOP heat pump coefficient of performance during heating mode,
dimensionless
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=coolingCOP heat pump coefficient of performance during cooling mode,
dimensionless
=EFT heat pump entering fluid temperature, ºC 
=sm& mass flow rate of a single heat pump, kg/s
=61C fitted coefficients for heating mode, dimensionless
=127C fitted coefficients for cooling mode, dimensionless
For the experimental work described in Chapter 4, the calculated COP coefficients are
given in Section 3.1.1. For the study described in Chapter 6, the calculated COP
coefficients can be found in Appendix B. After calculating the COPs the power required
to operate the heat pumps is calculated by dividing the load, heating or cooling, by the
COP. Knowing the load, flow rate and entering fluid temperature the exiting fluid
temperature is calculated by taking an energy balance of the fluid.
The heat pump model, TYPE 559, diagram can be seen below in Figure 4.2,
showing all inputs, outputs, and parameters needed to run the model.
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Figure 4.2 TYPE 559 heat pump HVACSim+ model diagram.
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4.2.2. Cooling Tower & Cooling Tower Controller Model
The selected cooling tower model, TYPE 771, is based on a model developed by
Khan (2004), which determines the leaving water temperature and the leaving air wet-
bulb temperature based on the entering water mass flow rate in kg/s, the entering air mass
flow rate in kg/s, the entering water temperature in ºC, the entering air wet-bulb
temperature in ºC, and the overall heat transfer coefficient in W/K.
The cooling tower model is based on Merkel’s theory and enthalpy potential with
embedded controls used to operate the cooling tower. Also, the model has an output
signal that allows the cooling tower to control its circulation pump; only allowing the
pump to operate if the cooling tower was in operation.
The cooling tower is controlled in on-off operation with a setpoint and a dead
band. The setpoint may be fixed or may be reset based on the temperature difference
across the heat pumps or with other strategies to be investigated in Chapter 6.
The use of the dead band control is necessary in order to prevent the unwanted
cycling of the cooling tower fan and pump. ASHRAE (2000) suggests that some
problems can occur that include motor burnout from repeatedly cycling the tower on and
off too often. The Marley Cooling Tower Company in their Cooling Tower
Fundamentals book by Hensley (1983) suggest that for the cooling tower fan, 30 seconds
of acceleration time should not be exceeded within one hour. For instance if a fan
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requires 10 seconds to reach full speed, then no more than 3 start-ups should occur within
one hour. Once the cooling tower is in operation the dead band will allow the cooling
tower to run until the loop temperature has dropped low enough below the setpoint as to
not automatically begin operation again after operation has stopped.
The cooling tower model, TYPE 771, diagram can be seen below in Figure 4.3,
showing all inputs, outputs, and parameters needed to run the model. The parameters
will change depending on which of the control strategies, discussed in Chapter 6, is being
used.
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Figure 4.3 TYPE 771 cooling tower HVACSim+ model diagram.
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4.2.3. Plate Heat Exchanger
The selected plate heat exchanger model is TYPE 663, which determines the
leaving water temperature for both streams of the heat exchanger in ºC and the
corresponding heat transfer rate in kW. The outputs are calculated based on the entering
fluid temperature of each stream in ºC, entering mass flow rate of each stream in kg/s,
specific heat of each fluid stream in kJ/kg-K and the effectiveness of the heat exchanger.
The heat exchanger model is intended for use in a large parametric study, where it
is highly desirable to avoid having to select a specific heat exchanger from a
manufacturer’s catalog, fit coefficients, etc. Instead, a simpler approach was taken that
involves assuming that the heat exchanger would be sized to meet a specific effectiveness
at full flow conditions, and that the effectiveness at part-flow conditions on one side of
heat exchanger could be modeled as a function of the flow rate. Manufacturers’ data was
used to develop an equation for effectiveness as a function of the fraction of full flow:
3
3
2
210 FFFCFFFCFFFCC +++= (4.19)
The effectiveness of the heat exchanger was taken from a manufacturer’s catalog
at different flow rates and different temperatures. The effectiveness was then plotted vs.
fraction of full flow as shown in Figure 4.4. The slightly different curves represent
different temperatures. As can be seen, the effect of the flow rate on effectiveness is far
more important, and a generic polynomial equation is fitted to all of the data points. This
generic equation gives an effectiveness between 0.51 and 0.78 as a function of flow rate
89
on the water loop side of the heat exchanger. Variations in effectiveness due to
temperature variations are neglected in the model.
Effectiveness Values From Manufacturers Data
y = 0.4413x3 - 1.272x2 + 1.4249x + 0.1839
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Figure 4.4 Plot of effectiveness vs. fraction of full flow.
The plate heat exchanger model, TYPE 663, diagram can be seen below in Figure
4.5, showing all inputs, outputs, and parameters needed to run the model. It should be
noted that the model is always connected such that “Fluid 1” refers to the “hot side” or
heat pump side of the plate heat exchanger and “Fluid 2” refers to the “cold side” or
cooling tower side of the plate heat exchanger. It should also be noted that the
polynomial equation is hard coded into the model with the fraction of full flow rate being
determined by dividing the mass flow rate of “Fluid 1” (an input variable) by the full
mass flow rate specified as a parameter.
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Figure 4.5 TYPE 663 plate heat exchanger HVACSim+ model diagram.
4.2.4. Pump Models
Two pump models are used within the system simulation; a variable speed pump
model for the main loop and a constant speed pump model for the cooling tower and
boiler. As discussed earlier, the pump models serve to account for the pumping power
and temperature rise, but are not used to determine flow rates.
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4.2.4.1. Variable Speed Pump
The selected variable speed circulating pump model is TYPE 591. The model
relies on the fraction of full power (FFP) having been fitted to the fraction of full flow
(FFF). The pump model also relies on the heat pump model, TYPE 559, to send the flow
rate required to operate the heat pumps. The variable speed pump model then calculates
the power that is required to operate at the flow rate set by the heat pump model. This is
done by first calculating the FFF which is based on the ratio of actual flow rate to the
design flow rate.
design
actual
m
m
FFF
&
&
= (4.20)
where
=FFF fraction of full flow
=actualm& Mass flow rate required by the heat pump model
=designm& Mass flow rate of a system if all heat pumps are in operation
Next, the FFP is computed using a polynomial with fitted coefficients.
3
3
2
210 FFFCFFFCFFFCCFFP +++= (4.21)
where
=FFP fraction of full power
=0C 1
st FFP coefficient
=1C 2
nd FFP coefficient
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=2C 3
rd FFP coefficient
=3C 4
th FFP coefficient
To determine the coefficients needed for Equation 4.21 above, the total pressure
drop is calculated for the system. Knowing the design flow rate and the pressure drop a
pump is chosen to meet the requirements. Using data from the selected pump non-
dimensional equations of head vs. flow and efficiency vs. flow are obtained. An analysis
is performed in a spreadsheet to determine pumping power over the full range of possible
number of heat pumps on. This, in turn, is used to fit a polynomial to represent fraction
of full power as a function of fraction of full flow. The coefficients used for the motel
and office system simulations can be seen below in Table 4.1. Figures showing FFF vs.
FFP for both buildings can be found in Appendix B. It should be noted that the power
calculated is based on the efficiency of the pump, but does not account for motor or drive
losses. It should also be noted that the curve of fraction of full flow vs. fraction of full
power is generic in that it is assumed to apply to different size pumps.
Table 4.1 Variable speed pump coefficients.
Motel Coefficients Office Coefficients
C0 = -0.0006175
C1 = 0.0043769
C2 = -0.0012741
C3 = 0.9982553
C0 = 0.0051313
C1 = 0.0723504
C2 = 0.0229433
C3 = 0.9003347
Finally, the power required to operate the pump can be calculated according the
following equation.
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designPowerFFPPower = (4.22)
where
=designPower power required by the pump at full flow
The model outputs the temperature exiting the pump, the power consumption of
the pump, the operating flow rate, and the amount of heat that is added to loop by its
operation. The exiting fluid temperature is calculated according to the following
equation.
p
inletoutlet
cm
PowerTT
&
+= (4.23)
The flow rate used above is the maximum of the flow rate required by the heat pumps or
the minimum flow rate given as a parameter. The variable speed pump model, TYPE
591, diagram can be seen below in Figure 4.6, showing all inputs, outputs, and
parameters needed to run the model.
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Figure 4.6 TYPE 591 variable speed pump HVACSim+ model diagram.
4.2.4.2. Constant Speed Pump
The selected constant speed circulating pump is TYPE 590. This is a simple
pump model which calculates temperature rise and power consumption of the pump with
given efficiency, mass flow rate and the pressure rise across the pump. The efficiency is
obtained from manufacturer’s data. The temperature rise across the pump is determined
with Equation. 4.23, above. The constant speed pump model, TYPE 590, diagram can be
seen below in Figure 4.7, showing all inputs, outputs, and parameters needed to run the
model.
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Figure 4.7 TYPE 590 constant speed pump HVACSim+ model diagram.
4.2.5. Boiler & Boiler Controller Model
In examining the boiler models currently in HVACSim+ it was determined that
none were suitable for the WLHP system model. Therefore it was determined that a new
boiler model needed to be developed. This model is based on an EnergyPlus (Crawley et
al. 2002) boiler model.
As with the cooling tower model it was also decided to incorporate the operating
controls of the boiler inside the boiler model. The boiler model is designed in such a way
as to operate at a desired outlet temperature when in operation. The boiler is modeled as
an electric boiler that is always able to output a “desired outlet temperature” that is set by
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the user as a parameter. From the “desired outlet temperature” the boiler model can then
determine the load that is required to meet that temperature according to
)( insetPboilerboiler TTCmQ = & (4.24)
where
=boilerQ boiler heat transfer required to meet the desired outlet
temperature
=boilerm& mass flow rate required to operate the boiler
=setT “desired outlet temperature”, set by user
=inT Boiler entering fluid temperature
The boiler is switched on and off based on a setpoint and dead band. The setpoint may
be fixed or may be reset based on algorithms that will be investigated in Chapter 6.
It should also be noted the boiler outputs a pump signal that activates the boiler
circulation pump only when the boiler is in operation. The component configuration for
the new boiler model is shown in Figure 4.8. The parameters vary with the control
strategy; one permutation is shown in Figure 4.8. As discussed above the model was
taken from an existing EnergyPlus model, which allowed for part load effects, parasitic
power, and various fuels to be used. For application in this investigation, a 100%
efficient electric boiler was used, and hence many of the parameters shown in Figure 4.8
are neither needed nor used in this investigation.
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Figure 4.8 TYPE 648 boiler HVACSim+ model diagram.
4.2.6. Unidirectional Flow Common Pipe Model
A common pipe model was developed for situations where the boiler requires a
constant flow, but the system flow rate may be varied depending upon heat pump
operation. In applications such as these a common pipe, shown in Figure 4.9 between a
and b, is an alternative to placing a bypass and three-way valve in the system (McQuiston
et al. 2005). The common pipe allows the two sides of the system, operating at different
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flow conditions, to operate with essentially no interaction between the source side and
load side pumps.
In general simulation applications where the flow quantities are not known in
advance careful consideration would have to be given to reversing flow through the
common pipe. With the systems used in this investigation, the flow through the variable
speed side of the system (heat pump) is always greater than the flow through the constant
speed side of the system (boiler) and therefore a simple model was developed that does
not handle reversing flow.
Constant Flow, Source
Side Circulation Pump
Delta P Signal
Common
Pipe
Variable Flow, Load Side
Circulation Pump
a
b
Boiler HeatPumps
m2
.
m1
.
m1-m2
. .
Tin,1
Tin,2
Tout
Figure 4.9 Unidirectional flow common pipe application schematic.
The exiting fluid temperature of the model is computed based on a fraction of the
two fluid stream flow rates and entering fluid temperatures according to the following
equation.
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1,212,2 ))((
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TmmTm
T ininout &
&&& +
= (4.25)
In cases where the boiler is not in operation the outlet temperature would be equal to 1,inT .
The common pipe model, TYPE 592, diagram can be seen below in Figure 4.10,
showing all inputs, outputs, and parameters needed to run the model. It should be noted
that HVACSim+ requires at least one parameter; the “DUMMY” parameter shown in the
figure does not get used by the model.
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Figure 4.10 TYPE 592 common pipe HVACSim+ model diagram.
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4.3. HVACSim+ Model Implementation
The components described above were connected as shown in Figure 4.11 and
4.12. The HVACSim+ interface model of the system is shown below with the main
equipment of the system spelled out for clarity. Figure 4.11 shows the full schematic
with all system connections shown and superblocks listed. Each of the system
components is identified. Figure 4.12 shows the flow from component to component.
It should be noted that multiple superblocks were needed to better handle the
discontinuity caused by the controllers of both the cooling tower and the boiler. The
sudden transients due to the controllers switching between on and off caused problems
with the convergence of the entire system when trying to solve both control signals and
temperatures used to drive the control signals, all within the same time step. Adding a
superblock gives, in effect, a transit delay to the system and allows the control signal to
be based on the previous time step’s temperature values. Adding a superblock has an
effect equivalent to adding a plug flow thermal mass to the loop. In Chapter 6, the
equivalence between the superblock and added thermal mass will be discussed further.
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Figure 4.11 HVACSim+ visual tool model showing system connections.
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Figure 4.12 HVACSim+ visual tool model showing flow direction.
4.4. Methodology – EnergyPlus
In developing a WLHP system model within EnergyPlus the models listed below
were used with the first two developed for this work; the remaining models were already
incorporated into EnergyPlus.
• Heat Pump Model (discussed in Section 4.4.1)
• WLHP Controller Model, boiler and cooling tower controls (discussed in
Section 4.4.2)
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• Boiler Model
• Cooling Tower Model
• Plate Heat Exchanger Model
• Constant Speed Pump Model
A schematic of the system is shown below in Figure 4.13.
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Pumps"
Boiler
Cooling
Tower
Plate
Heat
Exchanger
Constant
Speed
Pump
Constant Speed
Pump
Figure 4.13 Schematic of WLHP system modeled in EnergyPlus.
It should be noted that the heat pump model and controller model that were developed in
EnergyPlus were very similar to those developed by HVACSim+. An explanation will
be given as to what changes had to be made with each model below.
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4.4.1. Heat Pump Model
The first attempt at developing a WLHP system model in EnergyPlus involved
placing two of the existing heat pumps in each zone, one for cooling and one for heating.
For a 3-story, 10 zone per story building used in this work, 60 heat pumps would be
needed. Consequently much time was spent in developing the input data file (IDF) for
this model. Once the IDF was developed the average runtime of a simulation was over
an hour. In order to improve execution time a new “gang of heat pumps” model was
developed based on the for HVACSim+ model described in Section 4.2.1. The heat
pump model is based on the COP of the heat pump both in heating and cooling according
to Equations 4.17 and 4.18. The input data dictionary (IDD) for the “gang of heat
pumps” model can be found in Appendix A.
4.4.2. WLHP Controller Model
In developing the EnergyPlus controller model to control the loop temperature to
within a desired range, the dual setpoint point controls already incorporated in
EnergyPlus were used as a starting point. The modified control model varies the loop
setpoints depending upon the temperature difference across the heat pumps. This is
analogous to the controls developed for HVACSim+. The controller controls the loop
temperature by operating the boiler or cooling tower to maintain the temperature between
two setpoints. These setpoints can be reset according to a piecewise linear function of the
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temperature difference across the heat pumps. The IDD for the WLHP controller model
can be found in Appendix A.
4.5. Building Models & Test Cities
Building loads were created with the EnergyPlus program. This section describes
the methodology used to determine the loads with EnergyPlus and DesignBuilder.
4.5.1. EnergyPlus/DesignBuilder Background
EnergyPlus is a building energy simulation program for modeling building
heating, cooling, lighting, ventilating, and other energy flows. It is based on the most
popular features and capabilities of BLAST (Building Loads Analysis and System
Thermodynamics) and DOE-2. They were born out of concerns driven by the energy
crisis of the early 70s, realizing that building energy is a major component of America’s
energy usage. Both were developed in the late 1970s and early 1980s to help design
engineers and architects to size HVAC equipment, study retrofits, optimize energy
performance, etc. EnergyPlus came out with its first Alpha version on December 4,
1998, and its Version 1 on April 12, 2001. EnergyPlus was designed with new
capabilities such as being able to handle time steps of less than an hour, handle thermal
comfort models based on activity, inside DB, humidity, etc. Also it is able to link to
other simulation environments (i.e. WINDOW5) to allow for more detailed analysis of
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building components. The problem has been that it is a stand-alone simulation program
without a user-friendly graphical interface.
DesignBuilder is an interface that uses EnergyPlus as its “computational engine”.
The way that DesignBuilder and EnergyPlus interact with one another is shown below in
a block diagram of the process.
Figure 4.14 Flow diagram of how DesignBuilder works with EnergyPlus.
DesignBuilder is an easy-to-use OpenGL solid modeler that allows building
models to be assembled by positioning ‘blocks’ in 3-D space. There are no limitations on
surface shape; surfaces having more than 4 vertices are broken up into triangles to ensure
compatibility with the EnergyPlus simulator. Data templates allow you to load a wide
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variety of input data such as building constructions, activities, HVAC & lighting systems,
thermal comfort setting, etc. If you can’t find what you’re looking for, DesignBuilder
also allows you to add your own templates. You can also control the level of detail in
each building model allowing the tool to be used effectively at any stage of the design or
evaluation process. Once the model is competed the user can run the ‘Visualization’
feature, which provides realistic 3D rendered visualization and solar shadow modeling.
The visualization capabilities can be seen from the model shown in Figure 4.15 below.
Figure 4.15 DesignBuilder visualization of the Dallas Power & Light Building.
108
The user can also run the ‘Simulation’ feature that directly works with EnergyPlus in
calculating such things as heating and cooling equipment sizes.
4.5.2. Test Buildings & Cities
In order to study the performance of various WLHP systems, two prototypical
buildings were modeled in thirteen U.S. locations. DesgnBuilder was used to determine
annual heating and cooling loads for the two buildings and thirteen locations. In an effort
to look at control strategies for very different building types with different occupancy
levels and internal heat gains a high occupancy office building and a low occupancy
motel were used for this work. The buildings are described below.
4.5.2.1. Office Building (high occupancy)
The first prototypical building was based on a typical floor plan from the Bank of
Oklahoma (BOK) Tower shown below in Figure 4.16. The BOK building is a 52-story,
of which only three stories are modeled for this work, multipurpose building that is
approximately 48.8 meters by 48.8 meters (160 feet by 160 feet). The BOK building is
located in downtown Tulsa, and as of 1999 was the tallest building in the State of
Oklahoma. The building glazing area is 60-70% of the exterior envelope.
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Figure 4.16 BOK building.
(Picture provided by Dr. Jeffrey Spitler (2006))
The BOK building was chosen because information regarding the building was readily
available in Feng’s (1999) M.S. thesis for Oklahoma State University. Since a building
with a range from 100 to 500 tons was desired, the typical office building was modeled as
an office building having three floors with the same floor plan as that of the BOK
building. Each of the three floors had ten zones, 6 perimeter zones and 4 core zones.
The building was modeled and simulated using DesignBuilder according to the following
conditions. It should be noted that the building was intentionally modeled with a high
occupancy level and large setback.
1. Office occupancy of 1 person per 5 m2 (54 ft2).
2. Equipment heat gains of 10 W/m2 (0.9 W/ft2).
3. Lighting heat gains of 13.13 W/m2 (1.18 W/ft2).
4. Minimum fresh air per person of 9.4 L/s-person (20 ft3/min-person).
5. Infiltration of 0.5 ach.
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6. Day time (7am-6pm, Monday-Friday), night time and weekend thermostat
settings are specified for each zone. During the day, the temperature set
point is 20.0ºC (68.0ºF) for heating and 24ºC (75.2ºF) for cooling. A
night and weekend setback has been set for 5ºC (41ºF) for heating and
30ºC (86ºF) for cooling.
The following schedule, shown in Figure 4.17, was used for the office building
Monday thru Friday. The building is unoccupied during the weekend and the thermostat
is setback to 5ºC (41ºF) for heating and 30ºC (86ºF) for cooling.
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Figure 4.17 Office building schedules. 
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A rendering of the model can be seen below in Figure 4.18. Figure 4.19 shows the
ground floor of the building with the core and perimeter zones partitioned.
Figure 4.18 DesignBuilder rendering of office building.
Figure 4.19 DesignBuilder rendering of BOK building ground floor.
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Calculated loads can be seen below for Chicago, Figure 4.20, and Houston, Figure 4.21.
Detailed information regarding equipment used to run the WLHP system simulation for
the office building can be found in Appendix B.
Office Building Loads for Chicago
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Figure 4.20 Office building loads for Chicago.
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Office Building Loads for Houston
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Figure 4.21 Office building loads for Houston.
4.5.2.2. Motel
The second prototypical building used to test the WLHP system model is based
on an actual motel in Tulsa, Oklahoma as described by Chen (1996). The motel building
is a 2-story building that is approximately 61 meters by 17 meters (200 feet by 56 feet).
Since a building with a load ranging from 100 to 500-tons was desired, the motel building
was modeled as three identical buildings having ten floors with the same floor plan minus
the indoor swimming pool. The building was modeled and simulated using
DesignBuilder according to following conditions. All heat gains and occupancy levels
given are peak values; a detailed schedule can be seen in Figure 4.22.
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1. Motel occupancy of 1 person per 36.23 m2 (390 ft2).
2. Equipment heat gains of 3.33 W/m2 (0.30 W/ft2).
3. Lighting heat gains of 7.76 W/m2 (0.70 W/ft2).
4. Minimum fresh air per person of 7 L/s-person (15 ft3/min-person).
5. Infiltration of 0.2 ach.
6. Thermostat settings are specified for each zone. The temperature setpoints
are 20.0ºC (68.0ºF) for heating and 24ºC (75.2ºF) for cooling. There is no
setback.
Motel Daily Schedule
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Figure 4.22 Motel schedules.
The first floor as shown below in Figure 4.23 has 20 guest rooms, a lobby and a hallway.
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Figure 4.23 1st Floor layout of the motel.
Floors two through ten each has 22 guest rooms and a hallway, as shown below in Figure
4.24.
Lobby
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Figure 4.24 Floors 3-10 layout of the motel.
The building was modeled and simulated using DesignBuilder. A rendering of the model
can be seen below in Figure 4.25.
117
Figure 4.25 DesignBuilder rendering of the motel.
Calculated loads are shown for Chicago in Figure 4.26, and for Houston in Figure 4.27.
Detailed information regarding equipment used to run the WLHP system simulation for
the motel can be found in Appendix B.
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Motel Loads for Chicago
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Figure 4.26 Motel building loads for Chicago.
Motel Loads for Houston
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Figure 4.27 Motel building loads for Houston.
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4.5.3. Test Cities
The two building models listed above were placed in 13 different cities and
building loads were obtained that were used as boundary conditions for the WLHP
system model. The 13 cities were chose somewhat heuristically based on a list seen at a
class presentation. It was later discovered that they corresponded to a new proposed
Department of Energy (DOE) classification (Briggs et al., 2002) which gives climate
zones on the basis of heating degree days, cooling degree days, and humidity. Figure
4.28 shows a map of the zones and Table 4.2 gives their description. Of the 17 climate
zones, representative cities are given for those 15 zones that exist within the U.S. Of
those 15 representative cities, the list heuristically chosen for this work covers 12 cities,
plus one additional city (Tulsa, Oklahoma). Three climate zones that exist within the
U.S. (3C, 4C, and 6B) are missed in the list chosen. The 13 cities utilized and their
climate zones are listed below. It is recommended for any future work that the missing 3
climate zones be added.
• Albuquerque, New Mexico – Mixed-Dry
• Baltimore, Maryland – Mixed-Humid
• Boise, Idaho – Cool-Dry
• Burlington, Vermont – Cold-Humid
• Chicago, Illinois – Cool-Humid
• Duluth, Minnesota – Very Cold
• El Paso, Texas – Warm-Dry
• Fairbanks, Alaska – Subarctic
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• Houston, Texas – Hot-Humid
• Memphis, Tennessee – Warm-Humid
• Miami, Florida – Very Hot-Humid
• Phoenix, Arizona – Hot-Dry
• Tulsa, Oklahoma – Warm-Humid
Figure 4.28 Map of DOE’s proposed climate zones (Department of Energy 2003).
121
Table 4.2 Description of climate zones (Briggs et al. 2002).
Zone No. Climate ZoneName and Type Representative U.S. City
1A Very Hot-Humid Miami, Fl
1B Very Hot-Dry - - -
2A Hot-Humid Houston, TX
2B Hot-Dry Phoenix, AZ
3A Warm-Humid Memphis, TN
3B Warm-Dry El Paso, TX
3C Warm-Marine San Francisco, CA
4A Mixed-Humid Baltimore, MD
4B Mixed-Dry Albuquerque, NM
4C Mixed-Marine Salem, OR
5A Cool-Humid Chicago, IL
5B Cool-Dry Boise, ID
5C Cool-Marine - - -
6A Cold-Humid Burlington, VT
6B Cold-Dry Helena, MT
7 Very Cold Duluth, MN
8 Subarctic Fairbanks, AK
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5. VALIDATION OF THE WATER-LOOP HEAT PUMP SYSTEM MODEL
In an effort to validate the HVACSim+ WLHP model the experimental facility
described in Chapter 3 was switched from running the GLHE and the HGSHP system to
running, effectively, a WLHP system. This was done as an afterthought and the limited
time available allowed for only a limited validation. Four days (September 22, 2006 to
September 25, 2006) of five-minutely experimental data from the WLHP system were
used for validation purposes. As was mentioned in Chapter 3 the source side of the
system consists of two packaged water-to-water heat pumps (of which only one was used
for purposes of the WLHP validation), a three-borehole ground loop heat exchanger
(which was valved off for purposes of simulating a WLHP system), and a direct contact
evaporative cooling tower, isolated by a plate frame heat exchanger. The load side serves
two small buildings with hydronic heating and cooling. The experimental data was taken
during a time period when there were no heating loads, as the research facility does not
have a boiler in the system. Ergo, the validation of the model is only for the cooling
season. The experimental facility is described below in Section 5.1. Descriptions of the
models are given in Section 5.2. Experimental validations of each component simulation
and the entire system simulation are presented below in Section 5.3. In addition, an
intermodel validation was done with EnergyPlus and will be discussed in Section 5.4
below.
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5.1. Experimental Facility
The data used to validate the component and system simulations were collected
from the OSU HGSHP research facility described in Chapter 3 and by Hern (2004).
Chilled water and hot water generated with the plant serve two small buildings. Figure
5.1 below shows the system as configured for WLHP experimental validation.
Figure 5.1 Schematic of WLHP system used for experimental validation.
The only changes necessary to run the system as a WLHP system were to remove
the GLHE from the system by valving it off and to change the control of the cooling
tower to the desired strategy. For validation purposes the cooling tower was controlled
by the heat pump entering fluid temperature as is typically done in practice. The cooling
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tower was switched on if the heat pump entering fluid temperature rose above 32.22oC
(90oF). To protect the equipment from cycling on/off to frequently a dead band of 1oC
(1.8oF) was placed on the controls. I.e. the cooling tower, once switched on, would not
be switched off until the heat pump entering fluid temperature fell below 31.22oC
(88.2oF).
A brief description of the equipment used in the experimental facility is given
below. A more detailed description including manufacturers’ data is given in Chapter 3.
The same experimental measurement uncertainties described in Chapter 3 are present
here.
5.1.1. Heat Pump
For the purposes of this validation only one heat pump (Florida Heat Pump
WP036–1CSC–FXX), of nominal capacity 10.6 kW was utilized for purposes of
providing chilled water to the system. A more detailed description of the heat pump can
be found in Section 3.1.1.
5.1.2. Cooling Tower
A direct-contact evaporative cooling tower (Amcot ST-5) with nominal capacity
of 17.6 kW (5-tons) (defined at a water flow rate of 0.63 L/s (10GPM) being cooled from
35ºC (95ºF) to 29.4 ºC (85ºF) with an outdoor wet-bulb temperature of 25.6 ºC (78ºF)) is
125
connected to the source-side of the heat pumps via an isolation heat exchanger. More
information for the cooling tower can be found in Section 3.1.3.
5.1.3. Plate Heat Exchanger
The plate frame heat exchanger (Paul Mueller PHE AT4C-20) has a nominal
capacity of 9.3 kW (2.65-tons) with flow rates of 0.5 L/s (GPM) on both sides of the heat
exchanger and a temperature difference of 19.4oC (35oF) between the inlet temperatures.
More information for the cooling tower can be found in Section 3.1.4.
5.1.4. Piping
Buried piping connects the cooling tower to the plant building (approximately
31m (100ft.) in each direction). Exposed (to the plant room environment) piping
connects the components inside the building. Under many conditions, e.g. when the
piping is insulated, heat losses and gains to/from the piping may be negligible. However,
buried, uninsulated piping, as used to connect the cooling tower may have a not-
insignificant amount of heat transfer and are therefore modeled as a separate component
within the HVACSim+ model. This model is described in Section 2.2.6.
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5.2. HVACSim+ Component and System Models used for Experimental Validation
The simulation was developed within two superblocks and utilized five minute
time steps. The heat pump model used was TYPE 563 described in Section 2.2.1. The
plate heat exchanger model used was TYPE 664 described above in Section 2.2.4. The
cooling tower model used was TYPE 771, with slight modifications, and is described in
detail in Section 4.2.2. TYPE 771 mentioned in Section 4.2.2. can only handle a constant
UA, the modified TYPE 771 will allow for varying UA based on entering air flow rate
and water flow rate similar to TYPE 768 described in Section 2.2.3. Finally the empirical
heat loss/gain model, TYPE 643, is the same model discussed in Section 2.2.6. All
simulations used the following boundary conditions, measured on site, except where
noted:
• Outside air wet-bulb temperature, determined from an aspirated dry bulb
temperature measurement (on site) and a relative humidity measured at local
weather station, about 1 km (0.6 miles)from the site.
• Heat pump source side load, measured on site. This forces the heat pump
operation in the simulation to be the same as the experiment.
• Flow rates of water through the heat pump and cooling tower.
• Heat transfer rates for the empirical pipe heat loss/gain model.
• With TYPE 664 the plate frame heat exchanger UA was treated as a boundary
condition; a separate model was used to determine the time-varying UA based on
the experimental data being used for the validation.
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As with the HGSHP validation, the work on the WLHP system simulation started
with the models and parameters that would be feasible for a designer to obtain in advance
of constructing and operating the system. While keeping the cooling tower control fixed
as a boundary condition, discrepancies in temperatures were addressed by improving the
individual models or their parameters. Then, the simulations with the cooling tower
controller explicitly modeled were performed. Starting with the final improved
simulation, one could then work backwards to find the impact of using only designer-
feasible models and parameters.
The HVACSim+ visual tool schematic of the experimental WLHP system can be
seen below in Figures 5.2 and 5.3. Figure 5.2 shows the full schematic with all system
connections shown and superblocks listed. Each of the system components is identified.
Blocks labeled “HEATER” are the empirical heat gain/loss component model. Figure 5.2
shows the flow from component to component.
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Figure 5.2 HVACSim+ visual tool model showing system connections.
Figure 5.3 HVACSim+ visual tool model showing flow direction.
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5.3. Experimental Validation
5.3.1. Heat Pump Model
The coefficients originally used for the heat pump model were generated with
manufacturer’s data and are given in Table 3.4. The resulting model is labeled as
“uncalibrated” in Figures 5.4-5.6. The model gave poor results due to the fact that the
actual flow rates on both sides of the heat pump were significantly larger than catalog
data. The flow rates on the source side were even higher than those measured in Chapter
3; without the GLHE, there is less resistance to flow. Therefore the flow is higher and
the model errors are greater. As with the HGSHP validation, this problem was addressed
by using experimentally-measured data and recalculating the model coefficients. Because
the source-side flow rates are significantly higher, the model coefficients were
recalculated and are different than those in given in Table 3.4. Table 5.1 gives the new
coefficients; Table 5.2 and Figures 5.4-5.6 show substantial improvements when this
calibration is done.
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Table 5.1 Heat pump coefficients.
Coefficient Name
Coefficients
obtained
through
Experimental
Data
1st COP Coefficient in Heating Capacity -6.96830
2nd COP Coefficient in Heating Capacity 9.12295
3rd COP Coefficient in Heating Capacity -2.32365
4th COP Coefficient in Heating Capacity 0.98262
5th COP Coefficient in Heating Capacity 0.30022
1st COP Coefficient in Heating Compressor Power -5.20677
2nd COP Coefficient in Heating Compressor Power -1.32697
3rd COP Coefficient in Heating Compressor Power 7.12769
4th COP Coefficient in Heating Compressor Power -0.02709
5th COP Coefficient in Heating Compressor Power -0.08953
1st COP Coefficient in Heating Extraction -2.97521
2nd COP Coefficient in Heating Extraction 4.71950
3rd COP Coefficient in Heating Extraction 0.12436
4th COP Coefficient in Heating Extraction -0.16872
5th COP Coefficient in Heating Extraction -0.73435
1st COP Coefficient in Cooling Capacity -6.96830
2nd COP Coefficient in Cooling Capacity 9.12295
3rd COP Coefficient in Cooling Capacity -2.32365
4th COP Coefficient in Cooling Capacity 0.98262
5th COP Coefficient in Cooling Capacity 0.30022
1st COP Coefficient in Cooling Compressor Power -5.20677
2nd COP Coefficient in Cooling Compressor Power -1.32697
3rd COP Coefficient in Cooling Compressor Power 7.12769
4th COP Coefficient in Cooling Compressor Power -0.02709
5th COP Coefficient in Cooling Compressor Power -0.08953
1st COP Coefficient in Heating Rejection -2.97521
2nd COP Coefficient in Heating Rejection 4.71950
3rd COP Coefficient in Heating Rejection 0.12436
4th COP Coefficient in Heating Rejection -0.16872
5th COP Coefficient in Heating Rejection -0.73435
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Table 5.2 Summary of uncertainties in HP model.
Model
HP
Source
Side HTR
RMSE
(W)
% Error
of Max
HTR
HP
Source
Side
HTR
MBE (W)
HP
Power
RMSE
(W)
%
Error
of Max
Power
HP
Power
MBE
(W)
HP Source
Side HTR
Typical
Uncertainty
Simulated (calibrated
system simulation) 354 2.61% -31 55 2.20% 16
Simulated (calibrated
component simulation) 355 2.62% -33 20 0.80% -1 
Simulated (uncalibrated
component simulation) 1,519 11.21% 1,382 932 37.28% -913
510 W
As can be seen from Figure 5.4 the calibrated component simulation exiting fluid
temperature (ExFT) matches the experimental results very well, while the system
simulation ExFT does not appear to. This is caused by errors that have propagated
through the component models. Although the ExFT trend does not match, as can be seen
in Figure 5.5 the heat transfer rates match extremely well. This can also be seen in
Figure 5.4 by the red lines labeled “HP T”. The heat pump entering and exiting fluid
temperature are plotted for both the experimental results and the system simulation
showing again that the temperature difference across the heat pump is the same even
though the temperature values are not.
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Figure 5.4 HP source side ExFT for a typical cooling day.
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Figure 5.5 HP energy consumption for a typical cooling day.
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HP Source Side Heat Transfer Rate
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Figure 5.6 HP source side heat transfer rate for a typical cooling day.
As another check, the models’ ability to predict cumulative energy consumption
was investigated. The total energy consumption was calculated for the four day period
and the comparison is shown below in Figure 5.7 for the calibrated system, calibrated
component, and uncalibrated component compared to experimental energy consumption.
As can be seen the error found by running the system simulation is less than one percent
that of the experimental values. Also shown is the large improvement that is gained by
using experimental data to determine model coefficients, showing almost a 40%
improvement from the uncalibrated component model to the calibrated component
model. This suggests a parameter estimation-based model might be worth investigating.
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Cumulative Heat Pump Energy Consumption (Sept. 22 - Sept. 25, 2006)
10.71 10.61 10.71
14.83
0
2
4
6
8
10
12
14
16
HP Power (exp) HP Power (calibrated system simulation) HP Power (calibrated component
simulation)
HP Power (uncalibrated component
simulation)
En
er
gy
(kW
-
h)
0
10,000
20,000
30,000
40,000
50,000
En
er
gy
(B
TU
)
Figure 5.7 Cumulative heat pump energy consumption (September 22 – 25, 2006).
5.3.2. Cooling Tower Model
As discussed in Chapter 3 the cooling tower manufacturer gave only a single
operating point as catalog data. Ergo, the first cooling tower model (“designer-feasible”)
utilized a fixed UA value of 800 W/K, labeled in the figures below as “uncalibrated”. As
an improvement, the variable UA model given in Equation 3.3 with coefficients
calibrated to experimental data measured earlier was utilized. The cooling tower model
was not recalibrated; the coefficients are given in Equation 3.3. Figures 5.8 and 5.9,
shown below, show results for a portion of a typical cooling day, with several cooling
tower on/off cycles. Here, the uncalibrated component simulation represents the results
135
from the fixed UA model as mentioned; while the calibrated simulations represent results
with the variable-UA model. The model improvements result in not insignificant
improvements in the model predictions. The RMSE in the heat transfer rate is 2,659 W
or a little more that 16% of the maximum heat transfer rate for the uncalibrated
component simulation. Going to the calibrated variable UA model reduces the RMSE to
815 W or just under 5% of the maximum heat transfer rate while the MBE goes from
2,411 W to 40 W of overprediction by the simulation. When the calibrated model is
simulated as part of the system, the RMSE is 870 W or just over 5% of the maximum
heat transfer rate and the MBE is 341 W of overprediction by the system simulation.
These results are summarized below in Table 5.3.
Table 5.3 Summary of uncertainties in CT model.
Model
CT HTR
RMSE
(W)
% Error
of Max
HTR
CT HTR
MBE (W)
CT HTR
Typical
Uncertainty
Simulated (calibrated
system simulation) 870 5.30% 341
Simulated (calibrated
component simulation) 815 4.97% 40
Simulated (uncalibrated
component simulation) 2,659 16.21% 2,411
850 W
It should be noted that both the experimental measurements and simulation-
predicted-values of cooling tower heat transfer rate have significant uncertainty. The
lower and upper bounds of the experimental uncertainty in the cooling tower heat transfer
rate measurement, caused by uncertainty in measurements of mass flow rate and
temperature difference, are shown in Figure 5.9. In addition, the simulation has an
experimental uncertainty component – the wet-bulb temperature (an input) has a typical
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uncertainty of ± 0.5ºC (± 0.9ºF) – which results in an uncertainty in the simulation
results. Error bars for the simulation results are shown for two sample points in Figure
5.9. The uncertainty caused by the uncertainty in the wet-bulb temperature appears to be
the limiting factor in the simulation. This also suggests that, in practice, caution is
warranted in using a control based on wet-bulb temperature.
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Figure 5.8 Cooling tower ExFTs for a typical cooling day.
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Figure 5.9 Cooling tower heat transfer rates for a typical cooling day.
5.3.3. Plate Frame Heat Exchanger Model
Three permutations of the plate heat exchanger model were utilized for simulation
and validation purposes:
1. A fixed UA model, with UA estimated from manufacturer’s data
(uncalibrated component simulation – fixed UA). Sixteen data points
were available from the manufacturer of the plate frame heat exchanger
model. Initially, a fixed UA model was utilized for the heat exchanger
with a value of 800 W/K.
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2. A variable UA model with UA fitted as a function of mass flow rates and
entering fluid temperatures to experimental data (calibrated component
simulation – variable UA).
3. A fixed effectiveness model with effectiveness fitted to experimental data
(calibrated component simulation – fixed eff.). The fixed effectiveness
model was found to have a nominal effectiveness of 0.27.
Chapter 3 discusses the effects of fouling on the plate heat exchanger. While this
was found to be a problem for modeling a seven-month period, as the fouling changed
substantially over the seven month period, the effects were negligible over a four day
validation.
For all results given, “Fluid 1” refers to the “hot side” or heat pump side of the
plate heat exchanger and “Fluid 2” refers to the “cold side” or cooling tower side of the
plate heat exchanger. Figures 5.10 and 5.11 show a comparison of the various
simulations with the experimental results for the plate heat exchanger exiting fluid
temperature and heat transfer rates respectively. Figure 5.10 shows only calibrated
results while Figure 5.11 shows both calibrated and uncalibrated. Table 5.4 summarizes
the error and uncertainty associated with the plate heat exchanger model.
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Table 5.4 Summary of Uncertainties in PHX model.
Model
PHX HTR
RMSE
(W)
% Error
of Max
HTR
PHX HTR
MBE (W)
PHX HTR
Typical
Uncertainty
Simulated (calibrated system
simulation) 579 3.53% 64
Simulated (calibrated component
simulation-variable UA) 3 0.02% 0
Simulated (calibrated component
simulation-fixed ) 474 2.89% 58
Simulated (uncalibrated component
simulation-fixed UA) 519 3.16% 85
510 W
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Figure 5.10 Plate frame HX ExFTs for a typical cooling day.
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Figure 5.11 Plate frame HX heat transfer rate for a typical cooling day.
5.3.4. System Simulation with Heat Pump EFT Controlled
Upon reviewing the results it was found that the heat transfer rates matched
extremely well as did the heat pump temperature difference comparison, but the
temperature values showed errors on the order of 0.28-2.6ºC. It was hypothesized that
the temperature value error is due to the nature of simulation which is controlled by load
side heat transfer rates on the heat pump side and wet-bulb temperature on the cooling
tower side allowing for temperature values to drift. The temperature drift is then
propagated around the loop.
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In order to confirm this hypothesis a system simulation was run with the heat
pump entering fluid temperature controlled as a boundary condition. The idea was that
this would effectively solve the temperature drift propagation by fixing a temperature
within the loop. The heat pump results are essentially flawless since in the simulation the
load side and source side of the system are defined by experimental data as inputs,
therefore only plots of the cooling tower and plate heat exchanger exiting fluid
temperatures are shown below in Figures 5.12 and 5.13. Figure 5.12 shows that the
system simulation with the heat pump entering fluid temperature controlled matches
more closely than that of the system simulation without the heat pump entering fluid
temperature being controlled. Likewise, in Figure 5.13 the simulation with the heat pump
entering fluid temperature controlled as a boundary condition significantly improves the
prediction of the plate frame heat exchanger exiting fluid temperature. From these
figures we can see that by setting a single temperature within the loop, the errors in
temperature prediction are significantly reduced, strongly suggesting that the propagation
of error around the loop results in predicted temperature drifting away from the
experimental measurements.
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Figure 5.12 Cooling tower ExFTs for a typical cooling day with and without HP EFT
set by using experimental data.
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Figure 5.13 Plate frame HX ExFTs for a typical cooling day with and without HP EFT
set by using experimental data.
5.4. Intermodel Validation
In order to further validate the HVACSim+ WLHP system model, it was
compared to a WLHP system modeled in EnergyPlus. At the time the work was being
done a common pipe model did not exist in EnergyPlus; therefore the system modeled in
both programs utilized a constant speed pumping system. The system was modeled
according to Figure 5.14, as shown below. While the cooling tower had its own pump
the heat pumps and boiler shared a pump, as shown.
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Figure 5.14 WLHP system schematic used for intermodel validation.
The EnergyPlus simulation was run with an input of 13.5m3 of loop fluid volume
which has both a transient delay effect and lumped capacitance effect on the system. The
simulation, in both programs, was run at four-minute time steps with a constant flow rate
of 45.74 kg/s. As discussed in Section 4.3 having multiple superblocks in HVACSim+
gives an approximate thermal mass that is equal to the product of the time step, in
seconds, and the flow rate, in kg/s. Again this is an approximation of the superblock
causing the system to lag one time step thereby causing the temperatures to lag by one
time step effectively creating a thermal mass. With the time step and flow rate listed
above the HVACSim+ simulation has an effective thermal mass of 11,000 kg of water in
a plug flow scenario. This is calculated by multiplying the mass flow rate by the time
step.
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Figure 5.15 shows heat pump entering and exiting fluid temperatures for March
25, a typical shoulder season day. As can be seen, a somewhat large heating load is seen
first thing in the morning and gradually decreases while as the afternoon approaches a
cooling load begins to dominate. As is shown, the system goes from running the boiler in
the morning to running the cooling tower in the afternoon with approximately 6 hours
between the last time the boiler is operated to the first time the cooling tower it operated.
The temperature response of the two simulations matches very well. Some difference can
be seen when the boiler is being operated in the morning with the HVACSim+ results
showing a saw-tooth on/off pattern. Both the EnergyPlus and HVACSim+ boiler models
are designed to produce a desired outlet temperature when operating. The HVACSim+
model will then operate the boiler until the heat pump entering fluid temperature falls
below the dead band. The saw-tooth temperature response during this period is due to the
effects of having multiple superblocks. The boiler is switched on during one time step
and reaches the desired outlet temperature, with the time step delay the very next time
step the temperature has fallen back below the setpoint minus the dead band but the
control signal for the boiler does not see this effect until the following time step causing
the boiler to be switched on/off every other time step. Although this is not ideal it is
difficult to overcome without running the simulation in one superblock.
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Intermodel Validation (HVACSim+ vs. EnergyPlus)
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Figure 5.15 Intermodel validation plot of typical shoulder season day.
5.5. Conclusions/Recommendations
This chapter described a limited experimental validation of a water loop heat
pump system simulation in HVACSim+ and an intermodel validation with EnergyPlus.
The experimental validation was done using experimental data obtained from OSU’s
HGSHP research facility over a four day period. The results showed that while there
were slight temperature errors that propagated through the system, the predicted energy
consumption matched very well when all components were calibrated. Likewise, the
intermodel validation showed a good match between the temperatures predicted by
HVACSim+ and EnergyPlus. There were slight differences in the thermal mass causing
the response of the cooling tower on/off cycles to vary slightly.
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Recommendations for further research and development include the following:
1. The equation-fit-based heat pump model used here performed poorly with
catalog data. A parameter-estimation-based model and/or some checks on the
input data to the model combined with some more intelligent extrapolation
should be investigated.
2. The sensitivity of the cooling tower results to the uncertainty in wet-bulb
temperature suggests caution by practitioners when using control based on the
wet-bulb temperature. Further research into control strategies that either do
not depend on the wet-bulb temperature or that only partly depend on the wet-
bulb temperature is warranted and will be discussed further in Chapter 6.
3. It would be beneficial to have more experimental data and have experimental
data available for both heating and cooling seasons to use for a longer term
validation.
4. Further work to help predict fouling of the plate heat exchanger would be
useful.
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6. OPTIMIZATION OF WATER-LOOP HEAT PUMP SYSTEM CONTROL
STRATEGIES
6.1. Introduction
As discussed in Chapter 4, the most common control strategy for WLHP systems
(Howell 1988; Hughes 1990; Pietsch 1990; Howell and Zaidi 1990; Pietsch 1991; Howell
and Zaidi 1991) is to control the heat pump entering fluid temperature between 15.6ºC
(60ºF) and 32.2ºC ( 90ºF). The boiler is operated as necessary to prevent the heat pump
entering fluid temperature from falling below 15.6ºC (60ºF). The cooling tower is
operated as necessary to prevent the heat pump entering fluid temperature from rising
above 32.2ºC ( 90ºF).
The main focus of Chapter 4 was to develop a model of a WLHP system in
HVACSim+ and EnergyPlus. The focus of Chapter 5 was to validate the HVACSim+
model through a small experimental data set obtained from OSU’s HGSHP research
facility and also validate the model through intermodel validation with EnergyPlus. The
objective of Chapter 6 is to take the model developed in Chapter 4 and investigate new
and improved control strategies that can be used to save on the WLHP system annual
energy consumption. Specifically, control strategies that dynamically adjust loop
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setpoints to reduce system energy consumption are of interest. Control strategies that
will be inexpensive for manufacturers and designers to implement within new and
existing WLHP systems are of the most interest.
6.2. General Overview of Control Strategies
In examining strategies to control the loop temperature within WLHP systems,
one must consider the effects the loop temperature will have on energy consumption.
This will depend upon the “mode” of operation, meaning the relative dominance of heat
pumps providing heating vs. heat pumps providing cooling at any point in time. By
lowering the loop entering fluid temperature, the cooling performance of the system will
likely improve. But if any of the heat pumps are providing heating, the lower loop
entering fluid temperature may result in higher energy consumption. Likewise, by raising
the loop entering fluid temperature, the heating performance of the system will likely
improve. But if any of the heat pumps are in cooling, the higher loop entering fluid
temperature may result in higher energy consumption.
Another aspect of the system operation to consider is the effect of thermal mass in
the system. This may be particularly important where the system mode of operation
shifts between heating and cooling, as may occur during a shoulder season day. All
systems have thermal mass, but augmenting the amount of thermal mass in a system by
adding a water storage tank could also be considered (Pietsch 1991). With thermal
storage, the current loop setpoint will also have an impact on the near-term future
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operation of the system. During shoulder season days, the system could have a heating
load during the morning hours and later in the day change to a rather large cooling load.
In this case, it might be best to run at a low boiler setpoint and take advantage of the
thermal storage in the system to allow for lower heat pump entering fluid temperatures
later in the day.
Also, the tradeoff between heat pump energy consumption and cooling tower fan
and pump energy consumption should be considered. Running the cooling tower more
hours may save heat pump energy; this will be at the expense of energy used to run the
cooling tower fan and pump. This may be helpful up to a certain point, at which a point
of diminishing returns is reached and the cooling tower fan and pump energy
consumption exceeds the heat pump energy savings.
This work first attempts to address the issue of how the mode of operation
(relative dominance of heating vs. cooling) can feasibly be determined at any time.
After this, control strategies that adjust the loop setpoints based on the mode of operation
are investigated. Then, optimal setpoints are investigated. Finally, a preliminary
investigation into forecasting control strategies for WLHP systems with augmented
thermal mass is made in order to estimate the potential for additional savings. This is
discussed in Section 6.4.6.
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6.2.1 Determining Mode of Operation
In determining the mode of operation, it would be useful to be able to distinguish
between a range of operating conditions. There may be times when all of the heat pumps
are operating in cooling, times when all of the heat pumps are operating in heating, and
still other times when some of the heat pumps are operating in cooling and some are
operating in heating. Presumably the best setpoint is going to be directly related to the
mode of operation (Pietsch 1991). Determining the number of heat pumps operating in
heating or cooling at any given time may not be convenient for a user to measure,
especially if the user does not have a full building energy management system. Ergo, this
work attempted to find a surrogate measure that would be relatively easy to make and
that would not be susceptible to sensor drift and error. One can imagine several ways to
do this:
• Measuring the flow rate and T across the heat pumps could be used to
determine the net heat rejection/extraction rate. This would likely serve as
the best surrogate for mode of operation. However, flow meters are
susceptible to drift over time and introduce an additional undesirable
maintenance requirement.
• Measuring the T across the heat pumps and the control signal to the
variable speed drive (VSD) would be another possibility. Flow rate is
proportional to the signal, though at minimum flow an unknown amount
of flow might be bypassing the heat pumps.
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• Measuring the T across the heat pumps would be a good measure for
constant flow systems, but is less meaningful for variable flow systems.
However, this option has the advantage of being very simple.
In the event, the last option was chosen for investigation, and time precluded
investigation of the other options. As can be seen in this chapter, the T does appear to
be adequate as a surrogate for mode of operation.
Figure 6.1 shows histograms of heat pump T (heat pump inlet – heat pump
outlet) for both buildings in all locations with a variable flow system (30% minimum
flow). Positive T indicates heating dominated operation and negative T indicates
cooling dominated operation. As can be seen from the figure, the heat pumps operate at a
wide range of temperature differences annually. The figures show the number of hours
each building is operating at each range of temperature differences and the number of
hours that there are no heat pumps in operation. As can be seen, there are many hours the
office building has no heat pumps in operation. This is due mainly to the relatively large
night and weekend setback.
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Figure 6.1 Heat pump T histograms.
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6.2.2 Example
Having selected heat pump T as a surrogate measure of mode of operation, this
section illustrates how it is used. Figure 6.2 (b) shows how a new control strategy might
work sensing the heat pump temperature difference and setting the cooling tower setpoint
based on the equation of the setpoint line (shown in blue). Once the heat pump entering
fluid temperature exceeds that setpoint, the cooling tower begins operation and will
continue operation until the heat pump entering fluid temperature falls below the dead
band (shown in magenta).
32.222°C
- +HP Delta T
Typical
Controls
90°F
HP Delta T- +
New
Controls
(a) (b)
20°C
68°F
26.111°C
79°F
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Heat Pump in Cooling Mode Heat Pump in Heating Mode Heat Pump in Cooling Mode Heat Pump in Heating Mode
Deadband
Figure 6.2 Cooling tower controls schematic.
In contrast, the typical controls shown in Figure 6.2 (a) are simple, single setpoint
controls that remain constant with the temperature difference across the heat pump.
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As an example of the resulting operation from such a control strategy, Figure 6.3
shows a plot of heating and cooling loads, the number of heat pumps in operation (both
heating and cooling), the heat pump temperature difference, and the cooling tower
setpoint for an office building in Albuquerque, NM, on February 12. As can be seen, the
cooling tower setpoint is raised in the morning when there is a heating load and lowered
in the afternoon as the cooling load increases. The energy impacts of such a control
strategy will be discussed in more detail later in the chapter.
Office Building in Albuquerque
-8
-4
0
4
8
12
16
20
24
28
32
2/12/2002 0:00 2/12/2002 2:24 2/12/2002 4:48 2/12/2002 7:12 2/12/2002 9:36 2/12/2002
12:00
2/12/2002
14:24
2/12/2002
16:48
2/12/2002
19:12
2/12/2002
21:36
2/13/2002 0:00
Te
m
p
(C
),#
of
H
Ps
on
-300
-200
-100
0
100
200
300
Lo
ad
(kW
)
# of heating HPs on
# of cooling HPs on
HP DT
CT Setpoint
Heating Load (kW)
Cooling Load (kW)
Figure 6.3 Plot of loads, operating heat pumps, and cooling tower setpoint for an
office building in Albuquerque, NM, on February 12.
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As can be seen below in Figure 6.4, the boiler controls are similar to those
described earlier for the cooling tower operation. The boiler controls determine the
temperature difference across the heat pumps and determine through the equation of the
setpoint line (shown in red) what the operating setpoint is at that temperature difference.
Once the heat pump entering fluid temperature falls below the setpoint, the boiler begins
operation and will continue operation until the heat pump entering fluid temperature rises
above the dead band (shown in green). As will be discussed below, the system energy
consumption was not significantly improved by allowing the boiler setpoint to change
dynamically, so a constant setpoint was used.
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Figure 6.4 Boiler controls schematic.
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6.3. Methodology
The approach taken in this investigation was to first formulate a new control
strategy, then to optimize its setpoints for the two building types in 13 U.S. locations.
This gives an indication of the potential energy savings of the strategy under the best-case
scenario where setpoints were custom optimized. Finally, engineering judgment is used
to determine a control strategy that can be used by various building types in different
climate regions. This control strategy is dubbed the “common control”.
The remainder of this section covers the methodology used to optimize the
setpoints for a particular building type and location. There are four main components of
the optimization methodology. The four main components are listed below.
1. HVACSim+
2. Buffer Program
3. GenOpt (Generic Optimization Program)
4. Batch File
The four work together as shown below in the flow diagram in Figure 6.5. Each of the
four main optimization components will be discussed in more detail in the following
sections.
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Figure 6.5 Optimization methodology flow diagram.
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6.3.1. HVACSim+
The HVACSim+ WLHP system model is comprised of seven different
component models that are connected together to form a WLHP system. The component
models are listed below along with the section number where more detailed information
can be found on each model.
1. Heat Pump Model – Section 4.2.1.
2. Cooling Tower & Cooling Tower Controller Model – Section 4.2.2.
3. Plate Heat Exchanger Model – Section 4.2.3.
4. Variable Speed Pump Model – Section 4.2.4.1.
5. Constant Speed Pump Model – Section 4.2.4.2.
6. Boiler & Boiler Controller Model – Section 4.2.5.
7. Common Pipe Model – Section 4.2.6.
The HVACSim+ model was formed from the WLHP schematic that is shown
below in Figure 6.6, and is discussed in more detail in Chapter 4. For this study, all
simulations were run on a four-minute time step. More detailed information regarding
model parameters and equipment specifications used for the WLHP system simulation
for the office building and motel can be found in Appendix B.
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Figure 6.6 WLHP system schematic.
In order to perform a simulation for a specific building, location, and set of
parameters (e.g. setpoints), HVACSim+ needs three files:
1. Input file, which specifies the names of the boundary file and definition
file.
2. The boundary file, which contains site-specific weather data and building
site-specific heating and cooling loads.
3. The definition file (dfn) which describes the system configuration and
parameter site-specific parameter values.
The input file and boundary file are files created in advance for each building and
location combination and need no changes during the optimization. The dfn file is
provided by the buffer program discussed in the next section.
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6.3.2. Buffer Program
The buffer program serves three purposes. First, it takes the dfn file created by
GenOpt, which is not properly formatted and cannot be directly read by HVACSim+, and
formats it to where it can be used by HVACSim+. Second, it executes HVACSim+.
Finally, since the objective function is only concerned with annual energy costs and not
energy costs on a time step basis, the buffer program also reads from the output file
created by HVACSim+, computes the annual HVAC energy consumption (heat pump
energy, variable speed pump energy, boiler energy, boiler pump energy, cooling tower,
and cooling tower pump energy) and annual energy cost based on a given cost per unit of
energy. For this study, a cost of $0.08/kW-hr was used. The annual energy cost is the
objective function minimized by GenOpt. The buffer program takes this objective
function value and writes it to a file which is then read by GenOpt in order to determine
the next set of control parameters if the optimization has not converged.
6.3.3. GenOpt
GenOpt (Wetter 2000, Wetter 2004) was used to optimize the control strategy for
each location and building type. GenOpt is a generic optimization program that
minimizes an objective function by varying desired parameters. The number of
parameters used for this study was dependent upon which control strategy was being
optimized. In order to perform an optimization for a specific building, location, and set
of parameters (e.g. setpoints), GenOpt needs the following files:
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1. Initialization file with directory locations for the GenOpt program and
files needed to run the simulation in HVACSim+.
2. Command file with parameters that are to be optimized, their initial
values, upper and lower limits, and the optimization procedure that will be
used for the optimization.
3. Configuration file containing specification for how the simulation program
is started.
4. Simulation input template file (specifically for this work the dfn file which
is used to create the actual input file used by the simulation program) with
the location of the parameters that are to be optimized in the HVACSim+
dfn file.
GenOpt automatically writes an improperly formatted definition (dfn) file for
HVACSim+ based on a template dfn file and initial settings. GenOpt then calls the
buffer program, described above, which creates a properly formatted dfn file, runs
HVACSim+, and writes the annual energy into a file that is read by GenOpt. GenOpt
checks the value of the objective function being considered and writes a new input file
based on new parameters determined by its optimization algorithm. This process is
repeated until the minimum objective function is found.
Two optimization algorithms were used for this work with several re-starts. The
optimizations were executed with both the Nelder Mead Simplex algorithm and particle
swarm optimization. Optimizations were run with different initial settings in an effort to
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find the global minimum. Once the minimum objective function was found with one set
of initial settings, a re-start optimization was performed, using the optimized parameters
from the last optimization as one of the new initial guesses. It should be noted that with
the different algorithms used and the re-starts it is still possible that a local minimum was
found instead of the global minimum and therefore, in some cases, actual energy savings
might be higher than those presented below.
6.3.4. Batch File
As discussed in Chapter 4, DesignBuilder was used to calculate building loads for
two prototypical buildings, an office and a motel, in 13 different cities. These were
described in more detail in Sections 4.4.2.1. and 4.4.2.2. The 13 cities are listed in
Section 4.4.3. along with a map (Figure 4.24) showing the location of each city.
With the need to test and optimize two buildings in 13 cities, it was beneficial to
create a simple batch file that would allow the user to optimize multiple locations without
the need to manually change locations after the completion of one. The batch file
internally calls the input file for a particular building and location and renames it to a
generic name (INPUTFILE.DAT) needed to run in GenOpt. It then internally copies the
dfn file for that building and location and renames it to a generic name (JASON.dfn)
needed to run in GenOpt. The batch file then executes GenOpt. Finally, the generic
output files are renamed with building and location specific names. This is done for the
two building types and the 13 cities.
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6.4. Results
As the base case, the commonly accepted control strategy of operating the cooling
tower and boiler to maintain heat pump entering fluid temperature between 60ºF and 90ºF
(15.56 – 32.22ºC), shown in Figure 6.7 was used in determining annual energy
consumption and cost for each of the 13 cities and both building types.
32.22°C
15.56°C
- +HP Delta T
90°F
60°F
Figure 6.7 Baseline control strategy.
The results found using this control strategy will be used as the point of comparison for
each of the new control strategies described below. It should be noted that all simulations
were ran with different cooling tower and boiler sizes for each building and location. A
table showing cooling tower and boiler sizes can be found in Appendix B.
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6.4.1. 2-Parameter Case
The first control strategy optimized was the 2-parameter case. The control
strategy used is the same strategy as the baseline case where the equipment is controlled
on or off based on two setpoints regardless of the temperature difference across the heat
pumps. With the initial points of the optimization set as the baseline case, each of the 13
cities with both building types were optimized using GenOpt to determine the optimum
value of the two setpoints. The two setpoints were both allowed to be varied as shown in
Figure 6.8 below. No restrictions were placed on the temperature difference between the
two setpoints. However, a dead band of 1ºC was used with both setpoints. E.g. if the
optimized value of the cooling tower setpoint is 32.2ºC (90ºF), the cooling tower will
come on when the heat pump entering fluid temperature reaches 32.2ºC (90ºF) and go off
at 31.2ºC (88.2ºF). If the optimized value of the boiler setpoint is 15.6ºC (60ºF), the
boiler will come on at 15.6ºC (60ºF) and go off at 16.6ºC (61.9ºF).
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Figure 6.8 2-parameter control strategy.
The optimized 2-parameter setpoints and the annual HVAC energy savings over
the base case are given below in Table 6.1.
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Table 6.1 2-parameter setpoints and HVAC energy savings.
Cooling
Tower
Setpoint
(ºC)
Cooling
Tower
Setpoint
(ºF)
Boiler
Setpoint
(ºC)
Boiler
Setpoint
(ºF)
Annual
HVAC
Energy
Savings
Albuquerque 18.2 64.8 2.0 35.6 16.7%
Baltimore 21.7 71.0 5.1 41.2 7.5%
Boise 17.9 64.2 5.3 41.5 10.6%
Burlington 21.2 70.2 6.4 43.6 4.7%
Chicago 22.2 71.9 5.1 41.2 5.4%
Duluth 20.3 68.6 3.8 38.9 2.8%
El Paso 18.0 64.4 8.6 47.4 18.0%
Fairbanks 18.2 64.8 2.0 35.6 1.5%
Houston 23.1 73.6 4.5 40.0 8.1%
Memphis 22.7 72.9 5.2 41.4 9.0%
Miami 24.0 75.3 4.3 39.7 7.9%
Phoenix 17.5 63.5 3.0 37.4 18.2%
M
o
te
lS
et
po
in
ts
Tulsa 21.5 70.7 5.8 42.4 8.2%
Albuquerque 20.5 69.0 2.3 36.1 11.9%
Baltimore 25.4 77.8 2.0 35.6 5.0%
Boise 20.9 69.7 2.0 35.6 8.4%
Burlington 23.3 74.0 2.0 35.7 2.8%
Chicago 24.0 75.1 2.2 36.0 4.2%
Duluth 24.8 76.6 2.0 35.6 1.9%
El Paso 21.5 70.7 16.8 62.2 12.4%
Fairbanks 20.3 68.5 2.1 35.8 1.0%
Houston 26.7 80.0 2.8 37.0 4.6%
Memphis 25.7 78.3 2.0 35.7 4.9%
Miami 26.6 79.9 6.3 43.3 4.2%
Phoenix 23.0 73.4 2.7 36.8 11.4%
O
ffi
ce
Se
tp
o
in
ts
Tulsa 26.4 79.5 2.7 36.8 4.0%
As can be seen by the savings for each building and location, the highest potential
for savings comes in warm or hot, dry climate regions. Presumably, this is due to the
combination of high cooling loads and low wet-bulb temperatures that allow lower heat
pump entering fluid temperatures and better heat pump cooling performance. The 2-
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parameter results also show very little potential in colder climates, especially in
Fairbanks and Duluth.
The cooling tower setpoints range from 17.5ºC (63.5ºF) to 26.7ºC (80.0ºF) with
the higher setpoints coming in warmer, humid regions. On average the cooling tower
setpoints are higher for the office building and the potential savings are higher in the
motel. As load profiles vary with every location, it is difficult to give a general reason
for this trend. However, the office building generally has higher peak cooling loads
relative to the average cooling loads, and hence, a relatively larger cooling tower if
compared to the average cooling load. So it is possible that the extra energy required to
run the cooling tower discourages additional usage of the tower. This is further
complicated by the fact that the cooling tower does not always reach the setpoint, so at
many hours two different setpoints might give the same heat pump entering fluid
temperature.
The boiler setpoints range from 2.0ºC (35.6ºF) to 8.6ºC (47.4ºF) with many of the
setpoints, especially for the office building, in the 2.0ºC (35.6ºF) range. On average the
boiler setpoints are higher for the motel. The low boiler setpoints could be dangerously
close to freezing and may need to be increased. This will be addressed below. It should
also be noted that reduced heat pump entering fluid temperatures will have a direct
impact on heat pump capacity. For this work the heat pump was designed to always meet
the load. This was checked in cold climate regions and verified that the load was being
met at low boiler setpoints.
169
6.4.2. 11-Parameter Case (10 CT Parameters, 1 Boiler Parameter)
The next control strategy optimized was the 11-parameter case. After some
preliminary investigation into control strategies, it was found that most of the savings
potential with a control strategy came from the cooling tower controls and not the boiler
controls. Therefore, only a single boiler setpoint over all HP T was optimized. A
schematic of this control strategy can be seen below in Figure 6.9. As can be seen from
the figure, five points were used to define the cooling tower setpoint profile, requiring ten
parameters. The number of points could vary, but five were originally used to investigate
whether the optimal setpoint profile would be curvilinear or linear. The left and right end
points were optimized; beyond the end points, the cooling tower setpoint did not change.
It should be noted that, the more parameters, the more computer time is required
to perform optimizations. For example with a 2.48GHz, dual core AMD processor the 2-
parameter cases took an average of 33 minutes to optimize with the minimum taking 17
minutes and the maximum 70 minutes. The 11-parameter cases took an average of 230
minutes with a minimum time of 67 minutes and a maximum of 719 minutes. The 12-
parameter cases (11-parameter with wet-bulb described in Section 6.4.5.) took an average
of 235 minutes with a minimum time of 93 minutes and a maximum of 750 minutes.
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Figure 6.9 11-parameter control strategy.
The optimized cooling tower setpoints for the 11-parameter case can be seen
below in Figure 6.10 ((a)-motel parameters, (b)-office building parameters). The
optimized cooling tower setpoints for the 11-parameter case are given in tabular form in
Appendix C. 
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Motel Cooling Tower Setpoints (11 Parameter Case)
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(a) Motel.
Office Cooling Tower Setpoints (11 Parameter Case)
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6.10 Optimized 11-parameter cooling tower setpoint profiles.
172
The annual HVAC savings are shown below in graphical form showing annual
HVAC savings compared to the base case results. Figure 6.11 shows results for the
motel (a) and office building (b) for Albuquerque, Baltimore, Boise, Burlington,
Chicago, Duluth, and El Paso. Figure 6.12 shows results for the motel (a) and office
building (b) for Fairbanks, Houston, Memphis, Miami, Phoenix, and Tulsa. The figures
show percent savings of annual HVAC costs for the optimized 2-parameter case
discussed above in Section 6.4.1 as well as the optimized 11-parameter case.
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(a) Motel.
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Figure 6.11 Annual savings per control strategy (2-parameter and 11-parameter).
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Figure 6.12 Annual savings per control strategy (2-parameter and 11-parameter).
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As can be seen by the optimized 11-parameter savings for each building and
location, there is not a large increase in savings compared to the optimized 2-parameter
cases. The highest increase comes from the office building in Albuquerque with a 1.11%
increase in savings potential. Most of the locations show less than 1% increase in savings
potential over the optimized 2-parameter results. There are at least two explanations as to
why the optimized 11-parameter control strategy only gives a small improvement over
the optimized 2-parameter control strategy. First, as much of the cooling load occurs at
relatively high heat pump Ts (see Figure 6.1) the far left hand portion of the cooling
tower setpoint control profiles ( T < -4ºC) shown in Figure 6.10 is the most important
portion. With a few exceptions for more heating-dominated cases, the setpoint is
constant or near-constant in this region. Comparing these values to the optimized 2-
parameter setpoints, it can be seen that the 11-parameter setpoint is generally 1-5ºC lower
than the 2-parameter setpoint. This difference is fairly small; near these setpoints, the
heat pumps will experience about 0.1% power reduction per 1ºC of reduction in the
entering fluid temperature. The resulting savings in this region of operation, plus savings
in other regions might account for more than the savings realized. However, as will be
shown later in the chapter, on high cooling load days, either setpoint may not be realized,
in which case the cooling tower will run continuously, regardless of which control
strategy is selected. This is a side effect of having sized the tower based on standard
conditions of 35ºC (95ºF) cooling tower entering fluid temperature, 29.4ºC (85ºF) cooling
tower exiting fluid temperature, and 23.9ºC (75ºF) outdoor wet-bulb temperature.
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More detailed results of the savings for each case by city can be found in
Appendix D. The table in Appendix D gives a breakdown of the HVAC energy
consumption by component. It lists the total annual savings for each case, and the annual
cost comparison for each case based on $0.08/kW-hr.
6.4.3. 2-Parameter Common Control
Each of the control strategies discussed above (2-parameter and 11-parameter)
were specifically optimized for each building and location separately. This would be
beneficial for that city and building type, but this does not necessarily give a good
recommendation for other buildings in the same location or similar buildings in different
locations. Therefore, in an effort to find a control strategy that could be used more
widely, a “common” control strategy was investigated. This investigation was done
heuristically, looking for setpoints that would work well for both building types and a
range of locations.
In the first attempt at developing a 2-parameter common control the cooling tower
setpoints were averaged for the 26 cases (2 building types and 13 locations) and the
boiler setpoints were averaged for the 26 cases. The setpoints chosen for the 2-parameter
common control are shown below in Table 6.2. Energy savings for these setpoints and
other variations in this section are shown in Figures 6.13 and 6.14. Savings for this first
attempt are labeled “common control (2)a.”
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Table 6.2 2-parameter common control setpoints (a).
Cooling
Tower
Setpoint
(ºC)
Cooling
Tower
Setpoint
(ºF)
Boiler
Setpoint
(ºC)
Boiler
Setpoint
(ºF)
22.1 71.9 4.2 39.6
It was found that this did not give good results for the warm and hot humid
locations, especially with the office building. In Miami these setpoints result in higher
energy consumption than the base case, and for the office building in Houston, Memphis,
and Tulsa the savings are very small. This is most likely due to the lower cooling tower
setpoint that is used by the common control vs. the optimized 2-parameter setpoint for
each of the four cities listed above (e.g. for the office building in Houston, the optimum
cooling tower setpoint is 26.7ºC (80ºF) while the common control cooling tower setpoint
is 22.1ºC (71.8ºF)). The 2-parameter common control setpoint is so much lower for the
humid locations that the cooling tower runs so much that the increased energy needed to
run the cooling tower exceeds that energy saved by the heat pump. Therefore, the
locations were divided into two groups as shown below in Table 6.3 and two new sets of
2-parameter common control setpoints were calculated and are shown in Table 6.4. The
groups were subjectively divided based on the results obtained from the “common control
(2)a” although they can be divided based on climate regions as shown in the table. The
resulting energy savings are labeled “common control (2)b” in Figures 6.13 and 6.14.
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Table 6.3 Cities divided into two groups.
Group A – Climate Zones 1-3 Humid
• Houston, Texas
• Memphis, Tennessee
• Miami, Florida
• Tulsa, Oklahoma
Group B – Climate Zones 4-8 and 1-3 Dry
• Albuquerque, New Mexico
• Baltimore, Maryland
• Boise, Idaho
• Burlington, Vermont
• Chicago, Illinois
• Duluth, Minnesota
• El Paso, Texas
• Fairbanks, Alaska
• Phoenix, Arizona
Table 6.4 2-parameter common control setpoints (b).
Cooling
Tower
Setpoint
(ºC)
Cooling
Tower
Setpoint
(ºF)
Boiler
Setpoint
(ºC)
Boiler
Setpoint
(ºF)
Group A
24.6 76.3 4.2 39.5
Group B
21.1 69.9 3.4 38.1
There are some locations that perform worse than the common control (2)a
results, but all locations now show positive savings, although some show very little,
signifying that this is still not a good common control. Other climatic divisions might be
investigated further, but time precluded this from being done. The common control (2)b
was chosen as the best out of the two. Still there is the problem with the boiler setpoint
being too close to freezing range. Therefore, another set of simulations were run with the
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cooling tower setpoints from Table 6.4 being used with a boiler setpoint of 10ºC (50ºF).
The resulting energy savings are labeled “common control (2)c” in Figures 6.13 and 6.14.
The results for all of these strategies are shown below in Figures 6.13 and 6.14.
The figures show percent savings of annual HVAC costs for the 2-parameter case
discussed above in Section 6.4.1, the 11-parameter case discussed in Section 6.4.2, the 2-
parameter common control for both buildings and all locations (Common Control (2)a),
the 2-parameter common controls for the two climate regions (Common Control (2)b),
and the 2-parameter common controls for the two climate regions with a 10ºC (50ºF)
boiler setpoint (Common Control (2)c).
As can be seen by the first set of common control strategy results (Common
Control (2)a) there are cases where there are negative savings. This is due to the cooling
tower setpoint being so low that the system exceeded the point of diminishing returns and
ran the cooling tower more than the optimum amount. The results for the two sets of
common controls (Common Control (2)b) show positive savings for each location, but
they are sometimes minimal (e.g. the office building in Baltimore and Houston). The
final attempt at a 2-parameter common control with the boiler setpoint set to 10ºC (50ºF)
(Common Control (2)c) did not show much difference from the previous results
(Common Control (2)b) except for the office building in Baltimore the savings go
slightly negative. With many locations there was a slight increase in energy
consumption.
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The system, with an electric boiler, is configured such that the boiler setpoint does
not affect the steady state heating performance of the system. All heating energy comes
from electricity provided to the boiler or the heat pump compressors. Furthermore, even
in steady state mixed operation, when heating dominates and the boiler is running, the
system performance is constant, regardless of the boiler setpoint. Therefore, this slight
increase in energy consumption with increased boiler setpoint must be due to transient
operation. When the system moves from a large cooling load to a small heating load, the
amount of heat rejected in cooling mode that can then be recovered in heating mode will
decrease as the boiler setpoint is increased. Likewise, when the system transitions from
heating mode to cooling mode, the loop will start at a higher temperature (with an
increased boiler setpoint) and cooling COP will be adversely affected. The smaller the
thermal mass in the system, the less effect the boiler setpoint temperature will have on
system performance. With the relatively small amount of thermal mass present in this
simulation, the boiler setpoint has a small effect.
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Figure 6.13 Annual savings per control strategy (2-parameter common control).
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Figure 6.14 Annual savings per control strategy (2-parameter common control).
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With the 2-parameter common control strategies completed there does not appear
to be a good 2-parameter common control that can be used for multiple locations. It may
be possible to achieve better results, on average, if the locations were divided into more
regional climate zones. Time precluded the further investigation into more regional
specific strategies.
More detailed results of the savings for each case by building type and city can be
found in Appendix D.
6.4.4. 7-Parameter Common Control (6 CT Parameters, 1 Boiler Parameter)
As discussed above, a good 2-parameter common control was not found during
the time of this work. Therefore, in an effort to find a dynamic control strategy that could
be used by a larger area of the country, a dynamic common control strategy was
developed based on the results from the 11-parameter optimized cases.
When investigating the 7-parameter common control strategy, two things were
considered. First, the setpoint profiles for each building and location were reviewed to
try and find similarities. Second, the heat pump T histograms were reviewed for
relative importance of heating vs. cooling. After examining the setpoint profiles and the
T histograms, there appeared to be some distinction between optimized setpoints for
more temperate/warmer climate regions and colder climate regions, or locations that
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required the most heating. Therefore, the thirteen cities were divided up into two groups
as shown below in Table 6.5.
Although Boise, Idaho and Chicago, Illinois are both in climate zone 5, Boise is a
dry climate and has significantly lower heating loads than Chicago. Presumably, with the
dry climate, Boise has more sunshine during the winter and this results in lower heating
loads. In any case, the climate regions are divided such that 5A (cold, moist) falls in with
the colder climates and 5B (cold, dry) is grouped with the warmer climates.
Table 6.5 Cities divided into climate regions.
Climate Zones 1-4 and 5B
• Albuquerque, New Mexico
• Baltimore, Maryland
• Boise, Idaho – 5B Cool-Dry
• El Paso, Texas
• Houston, Texas
• Memphis, Tennessee
• Miami, Florida
• Phoenix, Arizona
• Tulsa, Oklahoma
Climate Zones 6-8 and 5A
• Burlington, Vermont
• Chicago, Illinois – 5A Cool-Humid
• Duluth, Minnesota
• Fairbanks, Alaska
One setpoint profile was found for the heating dominated regions and one setpoint
profile was found for the cooling dominated regions. For the first attempt at a common
control strategy, the nine cooling dominated setpoints from both building types were
185
averaged to give one setpoint line with 10 parameters. Likewise, the four heating
dominated setpoints from both building types were averaged to give one setpoint line
with 10 parameters. Then, in an effort to make the setpoint profiles for each as simple as
possible, engineering judgment was used to approximate the two profiles with six
parameters instead of ten. It was found that as the heat pump temperature difference
increases, the two control strategies, heating dominated and cooling dominated, were
very similar. The largest difference was how low the setpoint would fall as the heat
pump temperature difference became more negative. Therefore, to further simplify the
control strategies they were made the same except for how low the setpoint would fall.
The 7-parameter common control cooling tower setpoints can be seen below in Figure
6.15 and are shown in tabular form in Table 6.6.
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7-Parameter Common Control Setpoints
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Figure 6.15 7-parameter common control cooling tower setpoint profiles.
Table 6.6 7-parameter common control cooling tower parameters.
T-1 Setpoint-1 T-2 Setpoint-2 T-3 Setpoint-3 
Cooling
Dominated
Parameters (ºC) 
-6.7 17.7 0.7 28.5 8.7 31.1
Heating
Dominated
Parameters (ºC) 
-4.8 20.4 0.7 28.5 8.7 31.1
The boiler setpoint for the cooling dominated regions was found to be 6.8ºC
(44.2ºF) and the boiler setpoint for the heating dominated regions was found to be 5.9ºC
(42.6ºF). As with the 2-parameter common control there was some concern over the
boiler setpoint being too close to freezing range. Therefore, the 7-parameter common
control strategy was also run with a boiler setpoint of 10ºC (50ºF).
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The annual HVAC savings for the 7-parameter common control strategies are
shown below in graphical form in Figures 6.16 and 17. Figure 6.16 shows results for the
motel (a) and office building (b) for Albuquerque, Baltimore, Boise, Burlington,
Chicago, Duluth, and El Paso. Figure 6.17 shows results for the motel (a) and office
building (b) for Fairbanks, Houston, Memphis, Miami, Phoenix, and Tulsa. The figures
show percent savings of annual HVAC costs for the optimized 2-parameter case
discussed above in Section 6.4.1, the optimized 11-parameter case discussed in Section
6.4.2., and the 7-parameter common control cases. The results for the 7-parameter
common control strategy with the boiler setpoint set to averaged optimized values is
labeled “Common Control (7)a” and the results for the 7-parameter common control
strategy with the boiler setpoint set to 10ºC (50ºF) is labeled “Common Control (7)b”.
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Figure 6.16 Annual savings per control strategy (7-parameter common control).
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Figure 6.17 Annual savings per control strategy (7-parameter common control).
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Unlike the 2-parameter common control strategies, the dynamic 7-parameter
common control strategies give very good results for each building and location. There is
only a slight drop off in savings for each location compared to the 11-parameter
optimized savings, which is to be expected. There is also very little difference in the
results with the boiler setpoint set to 10ºC (50ºF), showing again that the savings
potential is almost all with how the cooling tower is controlled. As a whole the common
control strategies for the two climate regions appear to perform very well.
6.4.5. 11-parameters with Wet-bulb Case
Besides the control strategies discussed above, there were two control strategies
that were investigated on a smaller scale to determine if there would be any savings
potential. In an effort to investigate different climate regions, the following four cities
were chosen for investigation.
• Chicago, Illinois – Cool-Humid Region
• El Paso, Texas – Warm-Dry Region
• Houston, Texas – Hot-Humid Region
• Memphis, Tennessee – Warm-Humid Region
The first of these exploratory control strategies looked at the potential of
utilizing the outdoor wet-bulb temperature as an additional means of controlling the
cooling tower setpoint. There may be times that the cooling tower setpoint is lower than
the wet-bulb, in which case the cooling tower would continue to run even though the
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setpoint can never be achieved. In cases such as this, it may be beneficial to reset the
setpoint to something slightly above the wet-bulb. Therefore, a wet-bulb temperature
difference (T) parameter was created and optimized along with the 10 other cooling
tower parameters and the one boiler parameter. The control strategy first determines the
cooling tower setpoint based on the 10 parameters as in the 11-parameter control strategy
discussed in Section 6.4.2. It then looks at the outdoor wet-bulb temperature. If the
cooling tower setpoint based on the heat pump T is less than the wet-bulb temperature
plus the wet-bulb T parameter, it resets the setpoint to be equal to the wet-bulb plus the
wet-bulb T parameter. For example, if the original setpoint is 70ºF (21.11ºC) and the
entering wet-bulb temperature is 75ºF (23.89ºC) then the setpoint used would be the 75ºF
(23.89ºC) plus the optimized wet-bulb T parameter.
It should be noted that this control strategy was investigated to determine what
potential, if any, there would be by utilizing the outdoor air wet-bulb. It should also be
noted that the overall performance of this control strategy would be dependent on an
accurate and reliable measurement of the wet-bulb. If significant potential savings are
found, the implementation of this control strategy by a building operator would still have
to overcome the difficulty of obtaining reliable and accurate wet-bulb measurements.
The annual HVAC savings for the 11-parameter with wet-bulb with wet-bulb
cases are compared below to the optimized 2-parameter case, the optimized 11-parameter
case and the 7-parameter common control with the boiler setpoint set to 10ºC (50ºF). The
results are shown in Figures 6.18. Figure 6.18 (a) shows results for the motel 6.18 (b)
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shows the results for the office building. The wet-bulb T parameter ranges between 0ºC
and 4.5ºC; all control parameters for the 11-parameters with wet-bulb case are tabulated
in Appendix E.
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Figure 6.18 Annual savings per control strategy (11-parameter with wet-bulb).
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As can be seen by the results above there is little savings potential by adding in
the wet-bulb check to the control strategy. For each case, the savings from the optimized
“GenOpt (11+WB)” are just a fraction higher, if not the same, as the optimized 11-
parameter case. With the lack of savings potential found, this strategy was investigated
no further.
6.4.6. 12-hour Forecasting and Thermal Mass Augmentation
The second exploratory control strategy investigates the use of forecasting future
loads. As this strategy only makes sense if the system has significant thermal mass, the
thermal mass has been augmented by adding a storage tank into the system. Four new
parameters were needed for this control strategy and are shown in Figure 6.19 and listed
below.
• Heating dominated T, this is used in the strategy to determine if the heat
pumps are running predominately in heating mode.
• Cooling dominated T, this is used in the strategy to determine if the heat
pumps are running predominately in cooling mode.
• Heating dominated offset, which is used to determine how much higher
the setpoint will be if the system is heating dominated.
• Cooling dominated offset, which is used to determine how much lower the
setpoint will be if the system is cooling dominated.
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The general idea of the control strategy depends on the ability to predict the future
loads of a building. For investigative purposes, the building loads obtained from
DesignBuilder were used and the mean heat pump temperature difference was found for
12-hours in advance of each time step. From this mean T, it could be determined if the
operation of the system in the next 12-hours would be heating dominated or cooling
dominated. Depending on the future operation the cooling tower setpoint can be
increased or decreased.
The control strategy looks at whether or not the system is heating dominated,
cooling dominated, or neutral. This is determined by the forecasted mean heat pump T
for the next 12-hours. If the mean heat pump T is less than the cooling dominated T
parameter, then the system is cooling dominated, and the setpoint is shifted downward by
the “cooling dominated offset” parameter. If the mean heat pump T is greater than the
heating dominated T parameter, then the setpoint is shifted upward by the “heating
dominated offset” parameter. If the system is between the cooling dominated T
parameter and the heating dominated T parameter, the system is considered neutral, and
the setpoint is not shifted.
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Figure 6.19 Forecasting control strategy.
The thermal storage tank added to the system was a well-mixed tank added inline
before the “gang of heat pumps” as shown below in Figure 6.20. The thermal storage
tank size was sized based on the peak load (heating or cooling) for each city and building.
Pietsch (1990) suggests adequate storage to be 50 to100 gal/ton (50 to 100 L/kW).
Pietsch’s suggestion of 100 gal/ton was used as the basis of sizing the tanks for this work.
Specifically, the peak load (heating or cooling) in tons was used to set the tank size,
rather than nominal heat pump size. With the exception of Chicago, all locations were
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sized on the peak cooling load. Thermal storage tank sizes used for this investigation can
be seen below in Table 6.7. The thermal storage tank used for this work was a well-
mixed tank, as a stratified tank model was not readily available. Presumably better
performance or equivalent performance with a smaller stratified tank would be possible.
Heat
Pump 1
Heat
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Boiler Cooling
Tower
Heat
Pump N
Delta P Signal
Plate
Heat
Exchanger
Variable
Speed Pump
Constant
Speed
Pump
Common Pipe
N=number of heat pumps
Constant
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Thermal Storage
Tank
Figure 6.20 WLHP system with thermal storage.
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Table 6.7 Thermal storage tank sizes.
Office Building
m3 gallons
Chicago 99.6 26,312
El Paso 99.6 26,312
Houston 88.6 23,406
Memphis 101.8 26,893
Motel
m3 gallons
Chicago 41.2 10,884
El Paso 35.2 9,299
Houston 39.8 10,514
Memphis 39.8 10,514
The annual HVAC savings for the 12-hour forecasting and thermal mass
augmentation case is compared below to the optimized 2-parameter case, the optimized
11-parameter case, the 7-parameter common control with the boiler setpoint set to 10ºC
(50ºF), and the optimized 11-parameter with wet-bulb case. The results are shown in
Figure 6.21.
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Figure 6.21 Annual savings per control strategy (12-hour forecasting and augmented
thermal mass).
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The results above show great potential for extra savings over the optimized 11-
parameter case, especially with the office building. It should be noted that much of the
savings is due to augmenting the thermal mass within the system and thereby taking
advantage of shoulder season days were both heating and cooling are needed in a single
day. A detailed look into the reasons for the savings is presented in the next section.
A tabulated list of parameters for the 12-hour forecasting and thermal mass
augmentation case can be found below in Table 6.8. A more detailed table including the
cooling tower parameters, boiler parameter, and the forecasting parameters can be found
in Appendix E. It is interesting to note that the two building in Memphis are likely the
only cases where the control strategy will actually utilize any significant forecasting. For
the office building in Chicago, the threshold for forecasting cooling mode dominated
operation, -8.2ºC, never occurs. For the other two office buildings in El Paso and
Houston, all temperature offsets are zero, so forecasting a non-neutral mode of operation
has no effect on performance.
For the motel buildings in Chicago, Houston, and El Paso, a forecast of cooling
mode dominate operation will only change the setpoint less than 1ºC. This seems likely
to have a small effect, but the actual impact on operation has not been checked.
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Table 6.8 Forecasting parameters.
Cooling
T
Heating
T
Cooling
Offset
Heating
Offset
Chicago 0 0 0.1 0
El Paso -0.1 0 0.6 0
Houston -0.1 4.1 0.5 0Motel
Memphis -3.8 2.0 0.7 0.2
Chicago -8.2 0 8.3 0
El Paso 0 0 0 0.04
Houston 0 0.6 0 0Office
Memphis -3.2 1.3 2.2 0.6
More detailed results of the savings for each case with results by city and building
type can be found in Appendix F. The table in Appendix F gives a breakdown of the
HVAC energy consumption by component. It lists the total annual savings for each case,
and the annual cost comparison for each case based on $0.08/kW-hr.
6.5. Results Verification
The results presented in the above sections only show annual performance. In an
effort to verify these results, it seems useful to examine system operation over a few days
(like the simulations reported in the last section, also simulated on four-minute time
steps) so that the various control schemes can be compared in some detail. Two cases
with significant additional savings are chosen for additional review:
• The office building in El Paso - the forecasting control strategy with augmented
thermal mass gives an additional 3% in savings over the optimized 11-parameter
control strategy. However, the optimized forecasting parameters are all
essentially zero – the control strategy does not really rely on forecasting. This
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case will show the effects of the augmented thermal mass, essentially independent
of any forecasting.
• The office building in Memphis – the optimized 11-parameter strategy gives 5.4%
in savings over the base case, but the optimized forecasting strategy gives 11.7%
savings over the base case. The optimized forecasting parameters make a
significant difference in the way the control strategy performs.
6.5.1. El Paso
A shoulder season day, January 31, and a summer day, June 19, were chosen for
an in-depth review. Figure 6.22 shows the cooling tower control strategy for four cases
including the base case, optimized 2-parameter case, optimized 11-parameter case, and
the optimized 12-hour forecasting case. The extra four parameters for the 12-hour
forecasting and thermal mass augmentation case are:
• Heating dominated T: 0ºC 
• Cooling dominated T: 0ºC
• Heating dominated offset: 0.04ºC 
• Cooling dominated offset: 0ºC 
It may immediately be noted that the offset parameters are so small that it is dubious
whether they have any effect at all. However the 10 parameters that form the cooling
tower setpoint profile is noticeably different. The rest of this section looks at the effects
of these four strategies on system operation and performance.
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Figure 6.22 Control profiles.
Figure 6.23 shows the setpoints for each of the four cases for January 31. As
discussed above, the cooling tower is operated to control the heat pump entering fluid
temperature. Also plotted is the heating and cooling load for the day. As can be seen, the
morning starts off with a short period of heating followed by a period of cooling. The
effects of this can be seen by the varying cooling tower setpoints for the 11-parameter
case and the 12-hour forecasting and thermal mass augmentation case. Of particular
interest is the fact that, although the optimized forecasting strategy has all of the
forecasting related parameters essentially zeroed out, it still behaves in some respects as
if it were forecasting. During this day, when the building switches from heating to
cooling, the heat pump T will start out with a positive value around 3.5ºC, then drop.
Based on the control profiles in Figure 6.22, the forecasting strategy will start to lower
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the setpoint well before the 11-parameter control strategy. This is advantageous, coming
as it does before the cooling load starts.
Cooling Tower Setpoints (January 31)
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Figure 6.23 Cooling tower setpoints (January 31).
Figure 6.24 shows the heat pump entering fluid temperature for the four cases
throughout the day. During the cooling period, it is shown that the 2-parameter case
reduces the temperature compared to that of the base case, the 11-parameter reduces it
even more, and the 12-hour forecasting with thermal mass case reduces it slightly more.
With the reduction in heat pump entering fluid temperature, one would expect the COP of
the heat pumps providing cooling to increase, which is what is shown in Figure 6.25. It
should be noted that the augmented thermal storage within the loop allows the cooling
tower to come on and stay on with the forecasting strategy, whereas the other strategies
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show a saw-tooth temperature behavior caused by the cooling tower fan going on and off
to meet the setpoints.
It should be noted that the heat pump entering fluid temperature, for the cases
without augmented thermal mass, oscillates above and below the setpoint to a greater
degree than would be expected in real-life. This is due to the structure of the simulation.
As discussed in Section 4.3, the simulation was run with multiple superblocks within
HVACSim+. Without multiple superblocks, the sudden transients due to the controllers
switching the cooling tower on and off would cause problems with convergence of the
simulation. Adding a superblock gives, in effect, a transit delay to the system and forces
the control signal to be based on the previous time step’s temperature values. The saw-
tooth temperature response, shown in Figure 6.24, is partially due to the effects of having
multiple superblocks. For example, when the heat pump entering fluid temperature for
the base case rises above the setpoint of 32.2ºC (90ºF), the cooling tower is switched on.
The actual heat pump entering fluid temperature may then quickly fall below the setpoint
minus the deadband. But, the control signal for the cooling tower does not see this effect
until the following time step, causing the cooling tower to be switched on/off every other
time step. Although this is not ideal, it is difficult to overcome without running the
simulation in one superblock. Oscillation of the heat pump entering fluid temperature
around the setpoint will result in the COP also oscillating, as shown in Figure 6.25.
However, as the COP is close to linear with respect to heat pump entering fluid
temperature, small oscillation errors in the entering fluid temperature should have a very
small effect in the computed energy consumption.
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There are two minor points to note. First, at approximately 2:40 AM the heat
pump entering fluid temperature falls very quickly. This is caused by the heat input from
the variable speed pump, operating at 30% full flow, causing the loop temperature to
slowly rise over time even without any equipment in operation. At that point shown in
Figure 6.24, the loop temperature rises above 32.2ºC (90ºF), the cooling tower setpoint,
and the cooling tower comes on for a short time causing the drastic change in loop
temperature. Second is the fact that there appears to be several boiler on/off cycles
between 7:40 AM and 9:40 AM for the 11-parameter case but not for the base case and 2-
parameter case. The reason there is no on/off cycle for either is that they are both
running the whole time the heating load is present. The reason there is an on/off cycle for
the 11-parameter is because the boiler setpoint is much lower (2.8ºC) than the base case
setpoint (15.6ºC) and the 2-parameter setpoint (16.8ºC).
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Figure 6.24 Heat pump entering fluid temperature (January 31).
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Figure 6.25 Heat pump cooling COP (January 31).
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Figure 6.26 plots the heat pump energy consumption throughout the day. As can
be seen the 11-parameter and 12-hour forecasting cases, both of which have higher
COPs, consume significantly less energy than the base case which runs at lower COPs
and higher entering fluid temperatures. Because of the different boiler setpoint
temperatures, the 11-parameter strategy has lower heat pump entering fluid temperatures
and therefore higher heat pump energy consumption than the 2-parameter case.
However, this will be offset by the lower boiler energy consumption for the 11-parameter
case.
Heat Pump Energy Consumption (January 31)
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Figure 6.26 Heat pump energy consumption (January 31).
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Table 6.9 lists the HVAC energy consumption by component and finally the total
HVAC energy consumption for the day. As is shown, the 12-hour forecasting and
thermal mass augmentation case uses 44.2% less energy for this day compared to the
base case. The forecasting strategy saved heat pump energy, facilitated by an increase in
cooling tower energy. But interestingly the majority of the savings come from the ability
of the augmented thermal storage to store energy to be used for later, which in this case
was used instead of the boiler operation. As is shown in Table 6.9, the forecasting
strategy saved the most by not running the boiler at all on January 31.
Table 6.9 HVAC energy consumption (January 31).
Energy Consumption (kWh) Base Case 2-parameter 11-parameter 12 hrForecasting
Heat Pump 6,790 5,795 5,396 5,176
Main Circ Pump 136 136 136 136
Cooling Tower Fan 276 395 529 537
Cooling Tower Circ Pump 109 155 208 214
Boiler 3,531 3,694 2,762 0
Boiler Circ Pump 25 44 4 0
Total 10,867 10,221 9,036 6,062
June 19 is a typical summer cooling day; Figure 6.27 shows the setpoints for each
of the four cases for this day. Also plotted are the cooling loads for the day. As can be
seen at around 7:00 AM, a large cooling load is caused by the thermostats coming off of
setback. This in turn causes the setpoints for the 11-parameter and 12-hour forecasting
and thermal mass augmentation cases to hit their minimum point very quickly and stay at
the minimum setpoint throughout the day.
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Cooling Tower Setpoints (June 19)
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Figure 6.27 Cooling tower setpoints (June 19).
Figure 6.28 shows the heat pump entering fluid temperature for the four cases on
June 19. This plot shows the effects of the thermal storage that is being used with the
forecasting control strategy as the heat pump entering fluid temperature is slower to rise.
It is interesting to note that the 2-parameter and the 11-parameter cases have identical
heat pump entering fluid temperatures when the load is present, even though there is
approximately 5ºC (9ºF) difference in their cooling tower setpoints. The reason the
setpoints can be different and the heat pump entering fluid temperatures can be the same
is that the cooling tower is running continuously for both cases and the setpoint for
neither case is achieved. The cooling tower was sized based on standard conditions of
35ºC (95ºF) cooling tower entering fluid temperature, 29.4ºC (85ºF) cooling tower
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exiting fluid temperature, and 23.9ºC (75ºF) outdoor wet-bulb temperature. While this
works well for the base case, the cooling tower may be undersized for lower setpoints.
To put this in perspective, the setpoints were optimized using this specific cooling tower
size. It is likely that a larger cooling tower size would result in different setpoints. This
is a topic for future investigation. The effects of this can also be seen in Figure 6.29
where the 2-parameter and 11-parameter heat pump cooling COPs are identical.
It is interesting to note the wet-bulb temperature profile for the summer day of
June 19. The wet-bulb temperature increases approximately 4ºC during the day. Figure
4.27 shows that during this time the setpoints will never be achieved since they are lower
then the wet-bulb. This appears to be the ideal situation for running the cooling tower
more at night, when the wet-bulb temperature is lower, and pre-conditioning the loop for
the daily cooling load is possible. However, the forecasting strategy investigation does
not directly address this opportunity.
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Heat Pump Entering Fluid Temperature (June 19)
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Figure 6.28 Heat pump entering fluid temperature (June 19).
As discussed previously, with lower entering fluid temperatures to the heat pump
one can expect higher COPs for the heat pump. Figure 6.29 shows the cooling COP for
June 19 when the heat pump is in operation.
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Heat Pump Cooling COP (June 19)
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Figure 6.29 Heat pump cooling COP (June 19).
Figure 6.30 shows the heat pump energy consumption for June 19. Again, the
effects of the thermal storage can be seen by the difference in energy consumption from
the 12-hour forecasting to the 11-parameter case.
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Heat Pump Energy Consumption (June 19)
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Figure 6.30 Heat pump energy consumption (June 19).
Table 6.10 lists the HVAC energy consumption by component and finally the
total HVAC energy consumption for June 19. As is shown, the 12-hour forecasting and
thermal mass augmentation case uses almost 13% less energy for this day compared to
the base case with the savings coming from the cooling tower running more to cool the
thermal mass, which in turn allows the heat pump to run with lower entering fluid
temperatures. The extra cooling tower energy is exceeded by the reduction in heat pump
energy consumption.
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Table 6.10 HVAC energy consumption (June 19).
Energy Consumption (kWh) Base Case 2-parameter 11-parameter 12 hrForecasting
Heat Pump 27,093 23,050 23,050 22,384
Main Circ Pump 257 257 257 257
Cooling Tower Fan 790 1,201 1,201 1,536
Cooling Tower Circ Pump 311 472 472 604
Boiler 0 0 0 0
Boiler Circ Pump 0 0 0 0
Total 28,451 24,980 24,980 24,782
Finally, the monthly energy consumption was plotted, Figure 6.31, for each of the
four cases. As is shown, the 12-hour forecasting saves more energy, over the other three
cases, during the shoulder season than it does during the warmer months, where the
savings potential over the 2-parameter and 11-parameter is not as high. It is interesting to
note that significant savings come from the 12-hour forecasting and thermal mass
augmentation case not requiring any boiler operation during the months of January,
February, and December. The energy that is saved during those shoulder months
(January, February and December) adds up to give the extra savings potential that is
shown in Figure 6.21.
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El Paso Office Building Monthly Energy Consumption by Component
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Figure 6.31 Monthly HVAC energy consumption comparison for the office building in
El Paso.
6.5.2. Memphis
Since El Paso’s extra savings potential from the 12-hour forecasting and thermal
mass augmentation case was related more to the augmented thermal storage and not to
the forecasting, a similarly detailed analysis was done for a case where the forecasting
parameters have much more of an impact on the control strategy, the office building in
Memphis. The forecasting parameters are:
• Heating dominated T: 1.3ºC 
• Cooling dominated T: -3.2ºC 
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• Heating dominated offset: 0.6ºC 
• Cooling dominated offset: 2.3ºC 
As can be seen in Figure 6.32, this set of parameters causes a noticeable difference in the
cooling setpoint whenever the average T for the next 12 hours is less than -3.2oC. There
is a smaller difference when significant heating is forecasted; the control profile is shifted
upwards 0.6ºC. The rest of this section looks at the effects the different control strategies
have on system operation and performance for a shoulder season day, March 11, and a
summer day, July 18.
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Figure 6.32 Control profiles.
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Figure 6.33 shows the setpoints for each of the four cases for March 11. Also
plotted is the heating and cooling load for the day, the forecasted mean heat pump T,
and the current heat pump T. As can be seen, the morning starts off with a short period
of heating followed by a period of cooling. As is shown, the forecasted mean T never
falls below the cooling dominated T (-3.2ºC) and never rises above the heating
dominated T (1.3ºC) for the day. Therefore, the cooling tower will operate with the
neutral setpoint profile throughout the day. During the shoulder season the cooling
dominated T will only be exceeded when the morning heating load is substantially
smaller in magnitude and length compared to the afternoon cooling load.
Cooling Tower Setpoints (March 11)
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Figure 6.33 Cooling tower setpoints (March 11).
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Figure 6.34 shows the heat pump entering fluid temperature for the four cases
throughout the day. As the heating load increases the heat pump entering fluid
temperature for each case begins to fall, with much more noticeable drop offs from the
base case, 2-parameter case, and the 11-parameter case. The much more gradual fall in
heat pump entering fluid temperature for the 12-hour forecasting case is largely due to the
augmented thermal storage in the system. The heat pump entering fluid temperature for
the base case falls until it reaches the boiler setpoint (15.6ºC (60ºF)), at which time the
boiler begins operation until the temperature rises above 16.6ºC (61.9º F) (setpoint plus
the dead band). There are two noticeable on/off cycles for the base case. With the boiler
setpoints for the 2-parameter case (2.0ºC (35.6ºF)) and the 11-parameter case (6.6ºC 
(43.9ºF)) being much lower compared to the base case setpoint, the heat pump entering
fluid temperature is allowed to fall much farther for these cases. It should be noted that
the boiler was modeled to always give a desired set outlet temperature of 17ºC (62.6ºF).
The boiler operation is quite sensitive to this setpoint. With the setpoints for the 2-
parameter case and the 11-parameter case being so low compared to the set desired outlet
temperature the boiler cycles on/off more, causing the saw-tooth pattern. The energy
saved from the thermal storage allowing the 12-hour forecasting case to not run the boiler
for this day adds up to substantial savings as is discussed below.
As with El Paso, the augmented thermal mass with the 12-hour forecasting and
thermal mass augmentation case allows the WLHP system to run the cooling tower
without cycling on and off continuously to meet the setpoint. Without augmentation of
the thermal mass, the base case, 2-parameter case, and 11-parameter case all have the
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cooling tower continuously cycling on and off causing the saw-tooth pattern. Contrarily,
the 12-hour forecasting case has two short off cycles during the day, around 12:00 PM –
1:00 PM and 4:15 PM – 4:45 PM, when the heat pump entering fluid temperature has met
the setpoint. The reduction in heat pump entering fluid temperature for the 12-hour
forecasting and thermal mass augmentation case allows for higher COPs for the heat
pumps that are operating in cooling and thereby better cooling performance. The effects
that the lower heat pump entering fluid temperatures have on COP can be seen in Figure
6.35; with the most notable effect being the high COP of the 12-hour forecasting and
thermal mass augmentation case.
Heat Pump Entering Fluid Temperature (March 11)
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Figure 6.34 Heat pump entering fluid temperature (March 11).
221
Heat Pump Cooling COP (March 11)
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Figure 6.35 Heat pump cooling COP (March 11).
During the morning heating period, the lower boiler setpoints for the 2-parameter
case and 11-parameter case allow for lower boiler energy consumption, but causes
increased heat pump energy during that period to meet the load. This can be seen in
Figure 6.36 below. During the afternoon cooling period the lower cooling tower
setpoints for the 2-parameter, 11-parameter, and 12-hour forecasting cases allow for
reduction in heat pump energy at the cost of running the cooling tower more. For this
particular day the net effect is significant savings.
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Heat Pump Energy Consumption (March 11)
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Figure 6.36 Heat pump energy consumption (March 11).
Table 6.11 lists the HVAC energy consumption by component and the final total
HVAC energy consumption for the day. As is shown, the 12-hour forecasting and
thermal mass augmentation case uses 29.4% less energy for this day as compared to the
base case. As with the El Paso shoulder season day, the savings come primarily by using
heat stored in the augmented thermal mass instead of the boiler, and secondarily from
more efficient heat pump performance at the cost of operating the cooling tower fan and
pump more.
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Table 6.11 HVAC energy consumption (March 11).
Energy Consumption (kWh) BaseCase 2-Parameter 11-Parameter
12 hr
Forecasting
Heat Pump 6,121 5,567 5,230 4,851
Main Circ Pump 136 136 136 136
Cooling Tower Fan 291 358 425 843
Cooling Tower Circ Pump 114 141 167 334
Boiler 2,048 1,443 1,653 0
Boiler Circ Pump 16 2 3 0
Total 8,726 7,646 7,613 6,163
Figure 6.37 shows the setpoints for each of the four cases, the cooling load, the
forecasted mean T, the heat pump T, and the wet-bulb temperature for July 18. The
effects of the forecasting strategy can be seen by the 12-hour forecasting setpoints. At
approximately 1:30 AM, the 12-hour forecasting strategy switches from the neutral
profile to the cooling dominated profile dropping the cooling tower setpoint well before
there is a load present. The setpoint switches back to the neutral profile at approximately
11:30 AM when the forecasted mean T is greater than -3.2ºC. The wet-bulb
temperature shown in Figure 6.37 illustrates why it would be beneficial to run the cooling
tower more at night and early morning. As is shown, the wet-bulb temperature changes
almost 4ºC from early in the morning to the middle of the day.
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Cooling Tower Setpoints (July 18)
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Figure 6.37 Cooling tower setpoints (July 18).
Figure 6.38 shows the heat pump entering fluid temperatures for the four cases,
the cooling load, the forecasted mean T, and the heat pump T for July 18. This plot
illustrates the effects of the forecasting as the cooling tower begins operation at
approximately 1:30 AM. This corresponds to the time the cooling tower setpoint
switches from the neutral profile to the cooling dominated profile in Figure 6.37. At this
point, cooling tower operation begins lowering the heat pump entering fluid temperature
before the load is present. This plot also shows the effects of the augmented thermal
storage as the heat pump entering fluid temperature is slower to rise throughout the day
for the 12-hour forecasting case. Even though the 12-hour forecasting case setpoint
switches upward at 11:30 AM, it has no adverse effect on operation. The cooling tower
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continues to operate and the heat pump entering fluid temperature continues to slowly
drift upward.
As discussed in Section 6.5.1., for a brief time during the day the 2-parameter
case and 11-parameter case have identical heat pump entering fluid temperatures. Again,
this is a situation where the cooling tower is running continuously for the two cases and
the setpoint is never met.
It should also be noted that the for the 12-hour forecasting case the cooling tower
continues operation after the load disappears in order to meet the setpoint whereas the
other three case operate during the cooling load period only. This may be a reason why,
overall, the motel doesn’t show as much potential for extra savings. The motel has no
setback and more uniform heat gains, so there is little “downtime” compared to the office
building.
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Heat Pump Entering Fluid Temperature (July 18)
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Figure 6.38 Heat pump entering fluid temperature (July 18).
As with the El Paso summer day, the lower heat pump entering fluid temperatures
translate into higher COPs and higher cooling performance. This is shown in Figure 6.39
for the four cases on July 18. Again, the 12-hour forecasting strategy has higher COPs.
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Heat Pump Cooling COP (July 18)
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Figure 6.39 Heat pump cooling COP (July 18).
Figure 6.40 shows the heat pump energy consumption for July 18. Since the
cooling tower operates continuously for the 2-parameter and 11-parameter cases there is
no apparent difference in heat pump energy consumption for the day. Again, the
potential for the forecasting and thermal mass augmentation strategy is shown by the
lower heat pump energy consumption for the day.
228
Heat Pump Energy Consumption (July 18)
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Figure 6.40 Heat pump energy consumption (July 18).
Table 6.12 lists the HVAC energy consumption by component and the final total
HVAC energy consumption for the office building in Memphis on July 18. As is shown,
the 12-hour forecasting and thermal mass augmentation case saves 5.6% of the energy
used by the base case. As in El Paso, the 12-hour forecasting case continues cooling
tower operation even with no load present which causes an increase in cooling tower fan
and pump energy, but also allows for lowering the loop temperatures later.
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Table 6.12 HVAC energy consumption (July 18).
Energy Consumption (kWh) BaseCase 2-Parameter 11-Parameter
12 hr
Forecasting
Heat Pump 24,781 23,213 23,204 22,387
Main Circ Pump 228 228 228 228
Cooling Tower Fan 992 1,215 1,215 1,641
Cooling Tower Circ Pump 390 478 478 648
Boiler 0 0 0 0
Boiler Circ Pump 0 0 0 0
Total 26,390 25,134 25,125 24,904
Finally, the monthly energy consumption by component was plotted, Figure 6.41,
for each of the four cases. As is shown, the 12-hour forecasting saves more energy over
the other 3 cases during the shoulder season than it does during the warmer months,
where the savings potential over the 2-parameter and 11-parameter is not as high. This is
largely due to thermal storage and boiler operation. As can be seen the 12-hour
forecasting case requires less than half the boiler operation required by the other 3 cases
for the months of January and February and the boiler requires no operation during the
month of December. This was also shown in the detailed results above with savings of
over 29.4% during the shoulder season day of March 11, and only 5.6% during the
summer day of July 18. The energy that is saved during those shoulder months adds up
to give the extra savings potential that is shown in Figure 6.21.
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Memphis Office Building Monthly Energy Consumption by Component
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Figure 6.41 Monthly HVAC energy consumption comparison for the office building in
Memphis.
6.6. Conclusions/Recommendations
This chapter described the optimization of controls for WLHP systems. It is
shown that for all optimized cases investigated there is the potential for savings over the
base case strategy. It should be noted that although the control strategies were optimized,
that does not guarantee that the global minimum has been found in every case. In some
cases, actual energy savings might be higher than those presented.
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First, a 2-parameter control strategy (fixed boiler and cooling tower setpoints) was
optimized for two buildings in 13 locations giving savings over the base case ranging
from 1.0% to 18.2%.
Next, an 11-parameter control strategy (10 cooling tower parameters and 1 boiler
parameter) was optimized for the two buildings and 13 locations giving savings from
1.1% to 18.3%.
A 2-parameter common control strategy was investigated next, but no entirely
satisfactory recommendation can be made because of the sensitivity of the parameters to
climate.
A 7-parameter common control strategy (6 cooling tower parameters and 1 boiler
parameter) was investigated that dynamically changes the cooling tower setpoint based
on a setpoint profile and the temperature difference of the heat pumps in the WLHP
system. The results illustrated that while the common control strategies did not perform
quite as well as the optimized strategies, they gave very good results and can be
recommended for use.
Two exploratory control strategies were investigated. A control strategy that
utilizes the outdoor wet-bulb temperature proved to have little additional savings
potential to the already optimized 11-parameter control strategy. However, a control
strategy utilizing forecasting and augmented thermal mass did prove to add savings
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potential and should be investigated further. Savings range from 0.8% to 6.3% over the
optimized 11-parameter case.
Recommendations for further research and development include the following:
1. The control strategies investigated in this work all used the T across the
heat pump as an indicator of the relative dominance of heating or cooling
at any moment in time. An improvement that should be investigated
would incorporate some measure of flow, perhaps the control signal to the
variable speed drive for the pump, to make this a more accurate indicator.
2. Thermal storage was shown to have a significant impact on system
performance, even when the forecasting control strategy did little
forecasting. As real-world forecasting will introduce additional
challenges, it would be worth investigating non-forecasting control
strategies for WLHP systems with augmented thermal mass.
3. Likewise, it might be possible to use, as an alternative to forecasting,
information from the previous day, with the assumption that the coming
day will be similar.
4. Since the thermal storage was shown to have a significant impact, a range
of thermal storage tank sizes and stratified thermal storage are worth
investigating.
5. Only one forecasting period (12 hours) was investigated and all forecasted
T were averaged with uniform weight; different periods and different
weightings should be investigated, and the relationship between
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augmented thermal mass and the forecasting period should be
investigated.
6. Only one action was investigated for the forecasting portion of the
forecasting control strategy – adjusting the cooling tower setpoint up or
down based on the forecast. However, other strategies could and should
be investigated. For example, it would be possible, once having
determined that a significant cooling load is forecast for the next day, to
run the cooling tower to cool the storage tank. This could be controlled by
running it until the rate of change of the tank temperature had fallen to a
low level, indicating that the tank had been lowered to the minimum
economically-feasible temperature. Or, with the same forecast, the
cooling tower could be operated in the middle of the night to reduce the
tank temperature for the next day.
7. This study had two building types, two system configurations (with and
without augmented thermal mass), and thirteen locations. However, there
are a number of aspects of the WLHP system that were kept fixed, and
which may have an effect on the optimal setpoints and savings. Possible
variations that should be investigated include heat pump type, design flow
rate for each heat pump, minimum flow fraction for the main loop, part-
load pump characteristics, variable airflow cooling towers, cooling tower
size, etc.
8. Analyzing different electricity rate structures other than the $0.08/kW-hr
used for every location for this study should be investigated.
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7. SUMMARY, CONCLUSIONS & RECOMMENDATIONS
Chapters 1 through 3 described the simulation and experimental validation of a
hybrid ground source heat pump (HGSHP) system that used a cooling tower as its
supplemental heat rejecter. The validation of such systems is previously unreported in
literature. Seven months of experimental data from OSU’s HGSHP research facility was
used for the validation. Validation of the system was considered from two perspectives,
the design engineer’s perspective and the researcher’s perspective.
Chapters 4 through 6 described the simulation, validation, and controls
optimization of water loop heat pump (WLHP) systems. Two types of validation were
done; a short experimental validation and an intermodel validation between HVACSim+
and EnergyPlus. Four days of experimental data from OSU’s HGSHP research facility
were used for the experimental validation. Several different control strategies were
investigated and optimized. A dynamic common control strategy was found that can be
applied to various building types in different climate zones. A set of parameters was
found for use in very cold climate regions and another set of parameters was found four
use in mixed, warm, and hot climate regions. Exploratory investigations of two types of
control strategies were investigated. The first added an outdoor wet-bulb temperature
235
parameter and the second added forecasting future loads, and had augmented thermal
storage.
7.1. Conclusions (Chapters 1-3)
• The predicted HGSHP system simulation matched very well to experimental
results when each component was calibrated.
• The system simulation had the advantage of perfect knowledge of the system
loads and near-perfect knowledge of the weather. No designer will have these
advantages!
• The goodness of the results for the uncalibrated model certainly relied on
mitigating errors, with the largest problem occurring due to operating the heat
pumps outside the range of catalog data provided by the manufacturer. Caution is
warranted in applying equation-fit models outside the range of data used to fit the
data. This is illustrated by the succession of “incremental improvements” to the
system simulation, which improve the accuracy. The “best” simulation with all
“improvements” gives total energy consumption 4.6% less than the experiment,
where as the simulation with the improved heat pump model gives total energy
consumption about 6% less than the experiment. Whereas the temperature
response of the simulated results largely improved compared to the experimental
results, the overall energy consumption also improved.
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• From the designers’ perspective, the performance of the system simulation with
all models relying only on manufacturers’ data was quite good and should be
acceptable for design purposes.
• The system simulation here relies on experimental measurements for heat losses
and gains in buried and exposed piping. Use of models for the piping losses/gains
would introduce additional error.
• More manufacturer’s data is needed for equipment such as cooling towers and
plate heat exchangers to better model performance.
7.2. Recommendations (Chapters 1-3)
Recommendations for further research and development include the following:
1. For designers, an HGSHP design procedure that would optimally size the cooling
tower and ground loop heat exchanger is needed.
2. As horizontally-buried piping is a common feature of GSHP and HGSHP
systems, it would be useful to have a component model that covers this feature.
3. The equation-fit-based heat pump model used here performed poorly with
catalog data. This was largely due to the fact that it was operated well outside the
catalog data range. A parameter-estimation-based model and/or some checks on
the input data to the model combined with some more intelligent extrapolation
should be investigated.
4. The sensitivity of the cooling tower results to the uncertainty in wet-bulb
temperature suggests caution by practitioners when using control based on the
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wet-bulb temperature. Further research into control strategies that either does not
depend on the wet-bulb temperature or that only partly depend on the wet-bulb
temperature is warranted.
5. While it is almost certainly impossible to predict fouling in an accurate manner,
research that investigates fouling scenarios and approximate approaches may
make it possible to develop recommendations for designers. Also, fouling factors
for the system with cooling towers should be investigated and tabulated for
designers’ use.
7.3. Conclusions (Chapters 4-6)
• The WLHP system simulation predicted HVAC energy consumption very well
compared to experimental data when the components were calibrated.
• The WLHP system simulation in HVACSim+ matched the temperature response
very well compared to system simulation in EnergyPlus with slight variation
caused by slightly different loop mass for the two systems.
• A range of control strategies were investigated
o 2-parameters, a fixed boiler and cooling tower setpoint, individually
optimized gave a range of savings over the base case (15.6ºC (60ºF) – 
32.2ºC (90ºF)) of 1.0% to 18.2%.
o Several attempts were made to develop a common 2-parameter control
strategy, but because the individually optimized 2-parameter setpoints
varied widely all attempts proved unsuccessful.
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o 11-parameters (10 cooling tower parameters and 1 boiler parameter) were
used to develop a dynamic cooling tower control profile that varied the
setpoint based on heat pump entering fluid temperature and the
temperature difference across the heat pumps. The parameters were
individually optimized for two building types in 13 locations and gave
results ranging from 1.1% to 18.3% over the base case.
o A 7-parameter (6 cooling tower parameters and 1 boiler parameter)
common control strategy was developed that was based on the
individually optimized 11-parameter profiles. The control strategy did not
give results as good as the optimized 11-parameter strategy, but gave
results that were reasonably good for each building in every location,
ranging between 0.9% and 18.1% compared to the base case and can be
recommended for use.
o An exploratory investigation was performed by adding an outdoor wet-
bulb temperature parameter, but showed very little additional savings over
the optimized 11-parameter.
o An exploratory investigation of a control strategy that used forecasting
with augmented thermal mass showed excellent potential. Savings ranged
from 0.8% to 6.3% over the individually optimized 11-parameter case.
7.4. Recommendations (Chapters 4-6)
Recommendations for further research and development include the following:
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1. It would be beneficial to have more experimental data and have experimental data
available for both heating and cooling seasons to use for a longer term validation.
2. Further work to help predict fouling of the plate heat exchanger would be useful.
3. Since the control strategies investigated with this work all depended on the T
across the heat pumps for indicating the mode of operation (relative dominance of
heat or cooling at any time), and this is not an accurate measure, different
measures should be investigated such as using a flow sensor to more accurately
indicate the variation between heating and cooling.
4. Only one forecasting period (12 hours) was investigated and all forecasted T
were averaged with uniform weight; different periods and different weightings
should be investigated, and the relationship between augmented thermal mass and
the forecasting period should be investigated.
5. As the prediction of future loads is problematic, it would be worth investigating
the use of information from the previous day, with the assumption that the coming
day would be similar.
6. Thermal storage should be investigated further to determine the feasibility and
savings potential of adding a thermal storage tank to the loop without forecasting
controls and investigations should be done into the optimal sizing of the tanks.
As this work utilized a mixed tank, further investigation should be done into the
use of stratified tanks.
7. Only one action was investigated for the forecasting portion of the forecasting
control strategy – adjusting the cooling tower setpoint up or down based on the
forecast. However, other strategies could and should be investigated. For
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example, it would be possible, once having determined that a significant cooling
load is forecast for the next day, to run the cooling tower to cool the storage tank.
This could be controlled by running it until the rate of change of the tank
temperature had fallen to a low level, indicating that the tank had been lowered to
the minimum economically-feasible temperature. Or, with the same forecast, the
cooling tower could be operated in the middle of the night to reduce the tank
temperature for the next day.
8. Analyzing different electricity rate structures other than the $0.08/kW-hr used for
every location for this study should be investigated.
9. As this study investigated two building types and 13 locations, more work should
be done into different building types and more locations. The 3 U.S. climate
zones that were not investigated with this work should definitely be investigated.
10. Many aspects of the WLHP system were kept fixed which may have an effect on
the optimal setpoints and overall energy savings. Variations in design should be
investigated. Possible areas of investigation are;
1. heat pump type and design flow rate
2. minimum flow fraction for the main loop
3. part-load pump characteristics
4. larger cooling tower sizes
5. variable airflow cooling towers
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APPENDIX A
Gang Heat Pump Model IDD
GANG HEAT PUMP:SIMPLE,
\memo This heat pump model is an adaptation of XIAOWEI \XU’s Type555
HVACSim+ Model
A1, \field Heat Pump Name
\required-field
A2, \field Source Side Inlet Node
\required-field
A3, \field Source Side Outlet Node
\required-field
A4, \field Heating Load Schedule
\required-field
\type object-list
\object-list ScheduleNames
A5, \field Cooling Load Schedule
\required-field
\type object-list
\object-list ScheduleNames
N1, \field Number of Heat Pumps in Gang
\required-field
\type real
\minimum> 0.0
\default 1
N2, \field Total System Mass Flow Rate
\required-field
\type real
\minimum> 0.0
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\units m3/s
N3, \field Heating COP Coefficient 1
\required-field
\type real
N4, \field Heating COP Coefficient 2
\required-field
\type real
N5, \field Heating COP Coefficient 3
\required-field
\type real
N6, \field Heating COP Coefficient 4
\required-field
\type real
N7, \field Heating COP Coefficient 5
\required-field
\type real
N8, \field Heating COP Coefficient 6
\required-field
\type real
N9, \field Cooling COP Coefficient 1
\required-field
\type real
N10, \field Cooling COP Coefficient 2
\required-field
\type real
N11, \field Cooling COP Coefficient 3
\required-field
\type real
N12, \field Cooling COP Coefficient 4
\required-field
\type real
N13, \field Cooling COP Coefficient 5
\required-field
\type real
N14, \field Cooling COP Coefficient 6
\required-field
\type real
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N15, \field Heating System Mass Flow Rate
\required-field
\type real
\minimum> 0.0
\units m3/s
N16, \field Cooling System Mass Flow Rate
\required-field
\type real
\minimum> 0.0
\units m3/s
N17, \field Heating Capacity
\required-field
\type real
\minimum> 0.0
\units W
N18; \field Cooling Capacity
\required-field
\type real
\minimum> 0.0
\units W
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WLHP Controller Model IDD
WLHP OPTIMAL SETPOINT BASED OPERATION,
A1, \field Name
\required-field
\reference ControlSchemeList
A2, \field Pietsch heat pump List
\required-field
\type object-list
\object-list Pietschheatpumplist
A3, \field Priority Control Loop
\required-field
\type alpha
N1 ,\field Minimum X Boiler Set Point
\required-field
\type real
\units C
\minimum -100
\maximum 100
N2 ,\field Minimum Y Boiler Set Point
\required-field
\type real
\units C
\minimum 0
\maximum 100
N3 ,\field Middle X Boiler Set Point
\required-field
\type real
\units C
\minimum -100
\maximum 100
N4 ,\field Middle Y Boiler Set Point
\required-field
\type real
\units C
\minimum 0
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\maximum 100
N5 ,\field Maximum X Boiler Set Point
\required-field
\type real
\units C
\minimum 0
\maximum 100
N6 ,\field Maximum Y Boiler Set Point
\required-field
\type real
\units C
\minimum 0
\maximum 100
N7 ,\field Minimum X CT Set Point
\required-field
\type real
\units C
\minimum -100
\maximum 100
N8 ,\field Minimum Y CT Set Point
\required-field
\type real
\units C
\minimum 0
\maximum 100
N9 ,\field Middle X CT Set Point
\required-field
\type real
\units C
\minimum -100
\maximum 100
N10 ,\field Middle Y CT Set Point
\required-field
\type real
\units C
\minimum 0
\maximum 100
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N11 ,\field Maximum X CT Set Point
\required-field
\type real
\units C
\minimum 0
\maximum 100
N12 ;\field Maximum Y CT Set Point
\required-field
\type real
\units C
\minimum 0
\maximum 100
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APPENDIX B
Heat Pump Data and COP Coefficients – Motel
Heat pump used – ClimateMaster CCE07 at a design flow rate of 1.4 GPM (0.088 kg/s)
WPD Cooling-EAT 80/67oF Heating-EAT 70oF
EWT
(oF) GPM PSI FT TC SC Sens/TotRatio kW HR EER HC kW HE LAT COP
20 1.9 3.7 8.5 5.5 0.5 3.8 91 3.22
1 1.4 3.2 9.7 6.9 0.71 0.36 10.9 26.7 6 0.51 4.3 93.1 3.44
1.4 2.2 5.1 9.8 6.9 0.7 0.33 10.9 29.9 6.3 0.52 4.5 94.1 3.5530
1.9 3.3 7.6 9.9 6.9 0.7 0.31 10.9 31.7 6.4 0.52 4.7 94.8 3.62
1 1 2.3 9.4 6.8 0.72 0.41 10.8 22.9 6.9 0.53 5.1 96.5 3.79
1.4 1.5 3.5 9.6 6.9 0.71 0.37 10.9 25.8 7.2 0.54 5.4 97.9 3.9140
1.9 2.1 4.9 9.7 6.9 0.71 0.36 10.9 27.4 7.4 0.55 5.6 98.6 3.97
1 0.9 2.1 9 6.7 0.74 0.46 10.6 19.6 7.8 0.56 5.9 100 4.1
1.4 1.4 3.2 9.3 6.8 0.73 0.42 10.8 22.1 8.2 0.57 6.3 101.6 4.2350
1.9 2 4.6 9.5 6.8 0.72 0.4 10.8 23.4 8.4 0.57 6.5 102.4 4.3
1 0.8 1.8 8.6 6.5 0.76 0.52 10.4 16.6 8.7 0.58 6.7 103.6 4.39
1.4 1.3 3 8.9 6.6 0.74 0.48 10.5 18.8 9.2 0.59 7.2 105.4 4.5360
1.9 1.9 4.4 9.1 6.7 0.74 0.46 10.6 20 9.4 0.6 7.4 106.3 4.61
1 0.7 1.6 8.1 6.3 0.78 0.58 10.1 14 9.6 0.61 7.6 107.1 4.67
1.4 1.2 2.8 8.5 6.5 0.76 0.53 10.3 15.9 10.2 0.62 8.1 109.1 4.8270
1.9 1.8 4.2 8.6 6.5 0.76 0.51 10.4 16.9 10.5 0.63 8.3 110.2 4.9
1 0.7 1.6 7.6 6.1 0.79 0.65 9.8 11.8 10.6 0.63 8.4 110.7 4.93
1.4 1.1 2.5 8 6.2 0.78 0.6 10 13.3 11.1 0.64 9 112.9 5.180
1.9 1.6 3.7 8.1 6.3 0.78 0.57 10.1 14.2 11.5 0.65 9.3 114.1 5.19
1 0.6 1.4 7.4 5.9 0.8 0.68 9.7 10.8 11 0.64 8.9 112.5 5.06
1.4 1 2.3 7.7 6.1 0.79 0.63 9.9 12.2 11.6 0.65 9.4 114.8 5.2485
1.9 1.5 3.5 7.9 6.2 0.78 0.61 10 13 12 0.66 9.7 116.1 5.33
1 0.6 1.4 7.2 5.8 0.81 0.72 9.6 9.9 11.5 0.65 9.3 114.2 5.19
1.4 1 2.3 7.5 6 0.8 0.67 9.8 11.1 12.1 0.66 9.9 116.7 5.3890
1.9 1.4 3.2 7.6 6.1 0.79 0.64 9.8 11.9 12.5 0.67 10.2 118 5.48
1 0.5 1.2 6.7 5.5 0.81 0.81 9.5 8.3
1.4 0.9 2.1 7 5.7 0.81 0.75 9.6 9.3100
1.9 1.3 3 7.2 5.8 0.81 0.72 9.6 9.9
1 0.5 1.2 6.4 5.2 0.81 0.91 9.5 7
1.4 0.9 2.1 6.6 5.4 0.81 0.84 9.5 7.8110
1.9 1.3 3 6.7 5.5 0.81 0.81 9.5 8.3
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COP Coefficients
C1 2.87548
C2 0.05659
C3 -0.00027
C4 13.89410
C5 -60.19299
Heating
C6 0.06440
C7 5.66454
C8 -0.17731
C9 0.00173
C10 36.09242
C11 -65.15757
Cooling
C12 -0.42544
Heat Pump Heating COP vs. EFT
0
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6
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Heat Pump EFT (C)
CO
P
(-) 0.063 kg/s
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0.12 kg/s
Heat pump heating COP vs. entering fluid temperature
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Heat Pump Cooling COP vs. EFT
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0.063 kg/s flow
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Heat pump cooling COP vs. entering fluid temperature
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Heat Pump Data and COP Coefficients – Office Building
Heat pump used – ClimateMaster GS060 at a design flow rate of 11.3 GPM (0.71 kg/s)
WPD Cooling-EAT 80/67oF Heating-EAT 70oF
EWT (oF) GPM
PSI FT TC SC Sens/TotRatio kW HR EER HC kW HE LAT COP
20 15 5.1 11.8 41.5 3.99 27.9 89.2 3.05
7.5 1.6 3.6 68 46.8 0.69 2.73 77.4 24.9 43.8 4.05 30 90.3 3.17
11.3 3.1 7.1 68.2 46.4 0.68 2.68 77.4 25.5 46.1 4.09 32.2 91.4 3.3130
15 4.9 11.4 68.4 46.1 0.67 2.63 77.4 26 48.5 4.13 34.4 92.4 3.44
7.5 1.5 3.5 65.8 46.1 0.7 3.15 76.5 20.9 51.3 4.25 36.8 93.7 3.54
11.3 3 6.9 66 45.8 0.69 3.07 76.5 21.5 53.3 4.28 38.7 94.7 3.6540
15 4.8 11.1 66.3 45.5 0.69 2.99 76.5 22.1 55.3 4.32 40.6 95.6 3.75
7.5 1.5 3.4 63.5 45.5 0.72 3.58 75.7 17.8 58.7 4.44 43.5 97.2 3.87
11.3 2.9 6.7 63.8 45.2 0.71 3.47 75.6 18.4 60.4 4.48 45.2 98 3.9650
15 4.6 10.7 64.1 44.8 0.7 3.36 75.5 19.1 62.2 4.51 46.8 98.8 4.04
7.5 1.4 3.3 62.6 45.3 0.72 3.9 75.9 16 66.1 4.64 50.3 100.6 4.18
11.3 2.8 6.5 62.9 44.9 0.71 3.74 75.7 16.8 68.5 4.67 52.6 101.7 4.360
15 4.5 10.4 63.2 44.6 0.7 3.58 75.4 17.7 71 4.71 54.9 102.9 4.42
7.5 1.4 3.2 61.7 45 0.73 4.23 76.1 14.6 73.5 4.83 57 104 4.46
11.3 2.7 6.3 62 44.7 0.72 4.02 75.7 15.4 76.6 4.87 60 105.5 4.6170
15 4.3 10 62.4 44.3 0.71 3.8 75.4 16.4 79.7 4.9 63 106.9 4.77
7.5 1.3 3.1 58.7 44.2 0.75 4.7 74.8 12.5 80.9 5.03 63.7 107.5 4.71
11.3 2.6 6.1 59.2 43.8 0.74 4.46 74.4 13.3 83.8 5.05 66.6 108.8 4.8680
15 4.2 9.7 59.7 43.5 0.73 4.22 74.1 14.1 86.7 5.07 69.4 110.1 5.01
7.5 1.3 3 55.8 43.4 0.78 5.17 73.4 10.8 88.3 5.23 70.5 110.9 4.95
11.3 2.5 5.9 56.4 43 0.76 4.9 73.1 11.5 91 5.24 73.1 112.1 5.0990
15 4.1 9.4 56.9 42.7 0.75 4.64 72.8 12.3 93.7 5.25 75.8 113.4 5.23
7.5 1.2 2.9 54.4 42.9 0.79 5.72 73.9 9.5
11.3 2.4 5.6 54.8 42.6 0.78 5.43 73.3 10.1100
15 3.9 9 55.3 42.2 0.76 5.14 72.8 10.7
7.5 1.2 2.8 52.9 42.5 0.8 6.28 74.4 8.4
11.3 2.4 5.4 53.3 42.1 0.79 5.96 73.6 8.9110
15 3.8 8.7 53.6 41.8 0.78 5.64 72.8 9.5
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COP Coefficients
C1 3.04222
C2 0.06170
C3 -0.00033
C4 0.44765
C5 0.02310
Heating
C6 0.00396
C7 6.58176
C8 -0.15719
C9 0.00126
C10 0.57600
C11 0.19207
Cooling
C12 0.00056
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Heat pump heating COP vs. entering fluid temperature
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Heat Pump Cooling COP vs. EFT
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Variable Speed Pump Figures of FFF vs. FFP
FFF vs. FFP (Motel)
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Cooling Tower and Boiler Sizes used for WLHP Simulations
City
Cooling
Tower UA
(W/K)
Cooling
Tower
Nominal
Capacity
(BTU/h)
Cooling
Tower
Nominal
Capacity
(kW)
Boiler
Nominal
Capacity
(BTU/h)
Boiler
Nominal
Capacity
(kW)
Albuquerque 15,685 1,500,000 439 747,125 219
Baltimore 20,181 1,800,000 527 1,127,286 330
Boise 15,685 1,500,000 439 1,049,297 307
Burlington 20,181 1,800,000 527 1,351,718 396
Chicago 15,685 1,500,000 439 1,305,797 382
Duluth 15,685 1,500,000 439 1,415,339 414
El Paso 15,685 1,500,000 439 408,876 120
Fairbanks 15,685 1,500,000 439 1,527,333 447
Houston 20,181 1,800,000 527 568,877 167
Memphis 20,181 1,800,000 527 861,257 252
Miami 20,181 1,800,000 527 6,050 2
Phoenix 20,181 1,800,000 527 196,597 58
Motel
Tulsa 20,181 1,800,000 527 1,138,167 333
Albuquerque 39,214 3,000,000 878 2,069,455 606
Baltimore 45,871 3,600,000 1,054 2,531,201 741
Boise 39,214 3,000,000 878 2,844,510 833
Burlington 34,024 2,400,000 703 3,247,351 951
Chicago 39,214 3,000,000 878 3,161,349 926
Duluth 39,214 3,000,000 878 3,227,136 945
El Paso 45,871 3,600,000 1,054 1,477,526 433
Fairbanks 34,024 2,400,000 703 3,430,616 1,005
Houston 39,214 3,000,000 878 2,489,515 729
Memphis 45,871 3,600,000 1,054 2,368,782 694
Miami 39,214 3,000,000 878 428,796 126
Phoenix 59,762 4,200,000 1,230 1,599,100 468
Office
Building
Tulsa 45,871 3,600,000 1,054 2,604,180 763
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APPENDIX C
Optimized 11-parameter Setpoints
Cooling Tower Setpoints (oC)
X-1 Y-1 X-2 Y-2 X-3 Y-3 X-4 Y-4 X-5 Y-5 
Boiler
Setpoint
(oC)
Albuquerque -4.9 15.5 -1.8 17.6 0.4 30.9 5.1 31.8 5.5 32.1 12.5
Baltimore -7.0 17.1 -2.3 20.2 -2.0 23.0 -1.1 27.8 8.6 30.0 8.2
Boise -6.5 17.9 -1.5 18.8 -0.3 21.4 2.7 26.0 8.8 30.3 7.0
Burlington -7.1 18.3 -2.8 20.4 -0.9 22.9 1.7 26.8 8.8 30.0 5.9
Chicago -9.9 15.7 -2.4 16.3 -0.3 30.1 -0.1 31.7 9.4 31.9 10.8
Duluth -9.8 19.1 -6.7 19.3 -4.2 19.4 -2.0 19.8 9.8 32.5 2.0
El Paso -2.6 15.3 -1.9 15.6 -1.3 21.2 8.7 32.5 9.9 33.7 9.4
Fairbanks -5.3 17.7 1.3 19.1 9.5 19.3 9.5 19.4 9.5 20.6 2.0
Houston -6.6 17.9 -3.1 17.9 -2.4 21.0 -2.0 28.9 8.5 31.1 7.5
Memphis -7.3 17.5 -3.6 20.0 -2.4 22.7 0.0 26.7 8.6 30.3 8.4
Miami -8.8 16.8 -2.5 18.5 -2.5 27.4 -0.3 29.6 9.3 33.2 2.1
Phoenix -6.5 16.3 -2.4 16.9 -1.3 21.2 2.2 26.6 9.3 30.4 7.3
M
o
te
l
Tulsa -7.2 18.3 -3.2 20.2 -2.0 22.4 0.5 26.9 8.8 30.4 6.4
Albuquerque -9.7 19.7 -3.8 19.7 -1.4 19.7 -0.2 32.3 9.8 32.4 6.0
Baltimore -7.3 18.7 -4.0 21.6 -2.6 23.8 -0.8 27.3 8.6 30.3 6.6
Boise -6.1 19.0 -1.1 21.6 -1.1 25.4 -0.2 28.9 8.1 30.4 2.9
Burlington -7.2 18.6 -2.7 21.3 -1.2 22.8 -0.4 27.7 9.1 30.4 6.1
Chicago -7.5 18.5 -4.1 21.3 -2.6 23.8 -0.8 27.0 8.5 30.2 8.1
Duluth -7.4 20.4 -3.4 20.4 -1.2 20.7 -0.5 32.3 7.1 33.1 2.1
El Paso -3.8 16.5 -1.7 18.0 -1.7 25.3 -0.6 31.6 10.0 31.8 2.6
Fairbanks -6.5 19.1 -1.8 21.6 -1.1 24.2 -0.2 27.9 9.7 30.3 2.1
Houston -7.5 18.6 -4.3 21.5 -3.0 23.6 -1.0 27.1 8.3 30.2 7.9
Memphis -7.8 18.6 -5.1 21.8 -2.0 23.4 -0.5 27.4 8.8 30.3 6.6
Miami -5.6 17.8 -1.9 18.6 -1.6 23.0 -1.5 31.6 8.7 31.6 6.8
Phoenix -7.2 18.5 -3.2 20.8 -1.7 23.4 -0.6 27.2 8.8 30.4 6.4
O
ffi
ce
Bu
ild
in
g
Tulsa -7.4 19.0 -3.9 20.1 -2.4 23.1 -1.2 27.3 8.4 30.5 7.5
Note: The values given in the “X” columns (i.e. “X-1, X-2, etc.) are heat pump T
values. The values given in the “Y” columns are setpoint values.
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APPENDIX D
Detailed Savings Comparison – Motel
Energy Consumption (kW-hr) Savings & AnnualCosts
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 175,568 2,510 4,508 2,270 29,133 81 214,070 $17,126
GenOpt(2) 136,547 2,510 7,328 3,690 28,247 20 178,342 16.7% $14,267
Com. Cont. (2)a 138,550 2,510 6,813 3,431 28,325 22 179,652 16.1% $14,372
Com. Cont. (2)b 137,719 2,510 6,956 3,503 28,341 21 179,051 16.4% $14,324
Com. Cont. (2)c 137,257 2,510 6,958 3,504 28,909 34 179,174 16.3% $14,334
GenOpt(11) 135,571 2,510 7,306 3,679 28,952 46 178,064 16.8% $14,245
Com. Cont. (7)a 137,209 2,510 6,888 3,469 28,548 27 178,651 16.5% $14,292
Al
bu
qu
e
rq
u
e
Com. Cont. (7)b 137,006 2,510 6,889 3,469 28,780 34 178,688 16.5% $14,295
Case 00 177,138 2,975 4,093 2,061 92,464 186 278,917 $22,313
GenOpt(2) 155,850 2,975 6,160 3,102 89,784 65 257,936 7.5% $20,635
Com. Cont. (2)a 156,368 2,975 6,073 3,059 89,429 60 257,963 7.5% $20,637
Com. Cont. (2)b 156,104 2,975 6,289 3,168 89,369 60 257,964 7.5% $20,637
Com. Cont. (2)c 154,434 2,975 6,291 3,169 91,210 91 258,169 7.4% $20,654
GenOpt(11) 154,716 2,975 5,877 2,960 90,568 79 257,174 7.8% $20,574
Com. Cont. (7)a 155,298 2,975 5,816 2,929 90,189 72 257,279 7.8% $20,582
Ba
lti
m
or
e
Com. Cont. (7)b 154,461 2,975 5,817 2,929 91,084 91 257,355 7.7% $20,588
Case 00 152,669 2,279 3,299 1,662 102,415 214 262,539 $21,003
GenOpt(2) 124,770 2,279 5,464 2,752 99,471 73 234,808 10.6% $18,785
Com. Cont. (2)a 126,766 2,279 5,059 2,548 99,021 67 235,741 10.2% $18,859
Com. Cont. (2)b 126,133 2,279 5,174 2,605 99,010 67 235,268 10.4% $18,821
Com. Cont. (2)c 124,289 2,279 5,175 2,606 100,973 102 235,424 10.3% $18,834
GenOpt(11) 124,369 2,279 5,377 2,708 100,003 82 234,818 10.6% $18,785
Com. Cont. (7)a 125,231 2,279 5,125 2,581 99,899 80 235,197 10.4% $18,816
Bo
is
e
Com. Cont. (7)b 124,287 2,279 5,126 2,581 100,884 102 235,259 10.4% $18,821
Case 00 154,057 2,337 2,500 1,259 210,053 376 370,583 $29,647
GenOpt(2) 142,431 2,337 4,062 2,046 202,196 129 353,201 4.7% $28,256
Com. Cont. (2)a 142,694 2,337 3,897 1,962 202,331 131 353,352 4.6% $28,268
Com. Cont. (2)b 142,431 2,337 4,062 2,046 202,196 129 353,201 4.7% $28,256
Com. Cont. (2)c 138,176 2,337 4,063 2,047 206,692 195 353,511 4.6% $28,281
GenOpt(11) 140,464 2,337 3,971 2,000 204,008 150 352,930 4.8% $28,234
Com. Cont. (7)a 140,827 2,337 3,831 1,929 203,975 149 353,049 4.7% $28,244
Bu
rli
n
gt
o
n
Com. Cont. (7)b 138,307 2,337 3,831 1,929 206,628 195 353,228 4.7% $28,258
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Energy Consumption (kW-hr) Savings & AnnualCosts
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 167,688 2,629 3,431 1,728 160,560 305 336,342 $26,907
GenOpt(2) 152,739 2,629 5,220 2,634 155,002 102 318,326 5.4% $25,466
Com. Cont. (2)a 152,739 2,629 5,220 2,634 155,002 102 318,326 5.4% $25,466
Com. Cont. (2)b 152,477 2,629 5,534 2,793 154,882 101 318,417 5.3% $25,473
Com. Cont. (2)c 149,462 2,629 5,535 2,793 158,112 153 318,685 5.2% $25,495
GenOpt(11) 148,501 2,629 4,909 2,472 158,278 162 316,952 5.8% $25,356
Com. Cont. (7)a 151,594 2,629 4,721 2,378 155,957 114 317,393 5.6% $25,391
Ch
ic
a
go
Com. Cont. (7)b 149,608 2,629 4,721 2,378 158,030 153 317,519 5.6% $25,402
Case 00 146,632 2,194 1,848 930 284,117 488 436,209 $34,897
GenOpt(2) 143,136 2,194 2,879 1,450 274,176 181 424,015 2.8% $33,921
Com. Cont. (2)a 143,640 2,194 2,760 1,390 274,015 179 424,177 2.8% $33,934
Com. Cont. (2)b 143,633 2,194 2,827 1,423 273,823 177 424,077 2.8% $33,926
Com. Cont. (2)c 137,839 2,194 2,828 1,424 279,995 266 424,547 2.7% $33,964
GenOpt(11) 141,512 2,194 2,716 1,368 276,207 203 424,200 2.8% $33,936
Com. Cont. (7)a 141,512 2,194 2,716 1,368 276,207 203 424,200 2.8% $33,936
D
u
lu
th
Com. Cont. (7)b 137,962 2,194 2,717 1,368 279,889 266 424,396 2.7% $33,952
Case 00 238,755 3,350 6,318 3,182 1,732 9 253,345 $20,268
GenOpt(2) 187,419 3,350 10,095 5,085 1,773 2 207,724 18.0% $16,618
Com. Cont. (2)a 189,925 3,350 9,320 4,693 1,710 2 209,000 17.5% $16,720
Com. Cont. (2)b 188,915 3,350 9,507 4,788 1,706 2 208,268 17.8% $16,661
Com. Cont. (2)c 188,888 3,350 9,508 4,788 1,767 3 208,304 17.8% $16,664
GenOpt(11) 187,090 3,350 9,960 5,016 1,738 3 207,155 18.2% $16,572
Com. Cont. (7)a 188,617 3,350 9,377 4,722 1,689 2 207,757 18.0% $16,621
El
Pa
so
Com. Cont. (7)b 188,604 3,350 9,377 4,722 1,701 3 207,756 18.0% $16,620
Case 00 218,952 3,092 1,288 649 582,545 836 807,361 $64,589
GenOpt(2) 229,480 3,092 2,245 1,131 559,163 335 795,445 1.5% $63,636
Com. Cont. (2)a 227,640 3,092 2,025 1,020 562,216 361 796,354 1.4% $63,708
Com. Cont. (2)b 227,681 3,092 2,093 1,054 561,702 357 795,979 1.4% $63,678
Com. Cont. (2)c 214,025 3,092 2,094 1,054 576,138 542 796,944 1.3% $63,756
GenOpt(11) 229,418 3,092 2,238 1,127 559,212 335 795,422 1.5% $63,634
Com. Cont. (7)a 222,532 3,092 2,036 1,025 567,316 410 796,410 1.4% $63,713
Fa
irb
a
n
ks
Com. Cont. (7)b 214,130 3,092 2,036 1,025 576,101 542 796,925 1.3% $63,754
Case 00 280,203 4,814 8,147 4,103 4,113 14 301,393 $24,111
GenOpt(2) 251,770 4,814 10,951 5,516 4,015 3 277,069 8.1% $22,165
Com. Cont. (2)a 251,475 4,814 11,338 5,711 4,018 3 277,359 8.0% $22,189
Com. Cont. (2)b 252,638 4,814 10,510 5,293 4,028 3 277,285 8.0% $22,183
Com. Cont. (2)c 252,584 4,814 10,510 5,293 4,113 5 277,320 8.0% $22,186
GenOpt(11) 251,319 4,814 10,346 5,210 4,036 4 275,730 8.5% $22,058
Com. Cont. (7)a 251,261 4,814 10,503 5,289 4,063 4 275,935 8.4% $22,075
H
ou
st
on
Com. Cont. (7)b 251,230 4,814 10,503 5,290 4,099 5 275,942 8.4% $22,075
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Energy Consumption (kW-hr) Savings & AnnualCosts
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 235,113 4,161 6,234 3,140 25,033 64 273,746 $21,900
GenOpt(2) 207,783 4,161 8,514 4,288 24,408 20 249,174 9.0% $19,934
Com. Cont. (2)a 207,691 4,161 8,654 4,358 24,294 18 249,177 9.0% $19,934
Com. Cont. (2)b 209,061 4,161 8,149 4,104 24,333 19 249,827 8.7% $19,986
Com. Cont. (2)c 208,710 4,161 8,150 4,104 24,720 28 249,874 8.7% $19,990
GenOpt(11) 207,092 4,161 8,380 4,220 24,582 25 248,461 9.2% $19,877
Com. Cont. (7)a 207,391 4,161 8,275 4,168 24,500 22 248,517 9.2% $19,881
M
e
m
ph
is
Com. Cont. (7)b 207,205 4,161 8,276 4,168 24,713 28 248,551 9.2% $19,884
Case 00 396,034 6,480 11,353 5,718 0 0 419,585 $33,567
GenOpt(2) 358,055 6,480 14,558 7,332 0 0 386,425 7.9% $30,914
Com. Cont. (2)a 357,331 6,480 15,428 7,772 0 0 387,011 7.8% $30,961
Com. Cont. (2)b 358,388 6,480 14,388 7,246 0 0 386,503 7.9% $30,920
Com. Cont. (2)c 358,388 6,480 14,388 7,246 0 0 386,503 7.9% $30,920
GenOpt(11) 357,437 6,480 14,052 7,077 0 0 385,046 8.2% $30,804
Com. Cont. (7)a 357,205 6,480 14,313 7,208 0 0 385,207 8.2% $30,817
M
ia
m
i
Com. Cont. (7)b 357,205 6,480 14,313 7,208 0 0 385,207 8.2% $30,817
Case 00 346,849 5,476 7,743 3,899 391 2 364,361 $29,149
GenOpt(2) 273,564 5,476 12,331 6,210 372 0 297,954 18.2% $23,836
Com. Cont. (2)a 276,403 5,476 11,659 5,872 392 0 299,803 17.7% $23,984
Com. Cont. (2)b 275,155 5,476 11,845 5,965 381 0 298,823 18.0% $23,906
Com. Cont. (2)c 275,149 5,476 11,845 5,965 398 1 298,835 18.0% $23,907
GenOpt(11) 273,599 5,476 12,205 6,147 374 0 297,801 18.3% $23,824
Com. Cont. (7)a 274,652 5,476 11,807 5,946 375 0 298,257 18.1% $23,861
Ph
oe
n
ix
Com. Cont. (7)b 274,649 5,476 11,807 5,946 386 1 298,265 18.1% $23,861
Case 00 230,804 3,920 5,833 2,938 56,929 116 300,540 $24,043
GenOpt(2) 204,507 3,920 8,058 4,058 55,389 42 275,974 8.2% $22,078
Com. Cont. (2)a 205,108 3,920 7,947 4,002 55,080 37 276,094 8.1% $22,088
Com. Cont. (2)b 206,674 3,920 7,575 3,815 55,112 38 277,133 7.8% $22,171
Com. Cont. (2)c 205,753 3,920 7,575 3,815 56,102 56 277,221 7.8% $22,178
GenOpt(11) 203,999 3,920 7,896 3,977 55,444 43 275,279 8.4% $22,022
Com. Cont. (7)a 204,111 3,920 7,783 3,920 55,516 45 275,294 8.4% $22,024
Tu
ls
a
Com. Cont. (7)b 203,612 3,920 7,784 3,920 56,097 56 275,388 8.4% $22,031
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Detailed Savings Comparison – Office
Energy Consumption (kW-hr) Savings & AnnualCosts
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 225,736 3,839 6,143 2,701 26,075 186 264,680 $21,174
GenOpt(2) 190,763 3,839 9,524 4,189 24,937 31 233,282 11.9% $18,663
Com. Cont. (2)a 191,872 3,839 9,217 4,053 24,966 33 233,981 11.6% $18,718
Com. Cont. (2)b 191,011 3,839 9,421 4,143 25,402 34 233,850 11.6% $18,708
Com. Cont. (2)c 190,472 3,839 9,445 4,154 27,568 60 235,537 11.0% $18,843
GenOpt(11) 189,889 3,839 9,518 4,186 22,870 35 230,338 13.0% $18,427
Com. Cont. (7)a 191,057 3,839 9,263 4,074 24,722 40 232,996 12.0% $18,640
Al
bu
qu
e
rq
u
e
Com. Cont. (7)b 190,823 3,839 9,271 4,077 25,604 55 233,669 11.7% $18,694
Case 00 183,656 3,637 7,764 3,053 59,209 396 257,715 $20,617
GenOpt(2) 171,262 3,637 10,407 4,095 55,453 66 244,922 5.0% $19,594
Com. Cont. (2)a 169,296 3,637 13,689 5,394 56,891 73 248,980 3.4% $19,918
Com. Cont. (2)b 168,996 3,637 14,975 5,909 57,360 73 250,950 2.6% $20,076
Com. Cont. (2)c 167,629 3,637 15,008 5,922 60,134 125 252,455 2.0% $20,196
GenOpt(11) 168,820 3,637 10,420 4,098 56,836 89 243,901 5.4% $19,512
Com. Cont. (7)a 168,670 3,637 10,473 4,119 57,014 90 244,003 5.3% $19,520
Ba
lti
m
or
e
Com. Cont. (7)b 168,064 3,637 10,483 4,123 58,318 121 244,746 5.0% $19,580
Case 00 172,072 3,660 4,281 1,883 78,361 545 260,802 $20,864
GenOpt(2) 150,706 3,660 6,757 2,972 74,779 90 238,964 8.4% $19,117
Com. Cont. (2)a 150,992 3,660 6,568 2,888 75,513 99 239,720 8.1% $19,178
Com. Cont. (2)b 150,429 3,660 6,743 2,965 75,612 98 239,506 8.2% $19,161
Com. Cont. (2)c 148,641 3,660 6,771 2,978 79,006 167 241,223 7.5% $19,298
GenOpt(11) 150,190 3,660 6,733 2,961 73,441 92 237,076 9.1% $18,966
Com. Cont. (7)a 149,920 3,660 6,557 2,884 75,823 122 238,966 8.4% $19,117
Bo
is
e
Com. Cont. (7)b 149,105 3,660 6,564 2,887 77,189 163 239,567 8.1% $19,165
Case 00 164,021 3,477 2,812 1,520 181,693 1,145 354,668 $28,373
GenOpt(2) 161,460 3,477 3,898 2,107 173,486 203 344,631 2.8% $27,570
Com. Cont. (2)a 160,069 3,477 4,176 2,260 175,121 222 345,325 2.6% $27,626
Com. Cont. (2)b 159,914 3,477 4,602 2,492 174,977 219 345,681 2.5% $27,654
Com. Cont. (2)c 155,491 3,477 4,613 2,498 180,254 365 346,697 2.2% $27,736
GenOpt(11) 158,129 3,477 3,916 2,116 176,003 260 343,901 3.0% $27,512
Com. Cont. (7)a 158,703 3,477 3,814 2,061 176,248 257 344,560 2.8% $27,565
Bu
rli
n
gt
o
n
Com. Cont. (7)b 156,026 3,477 3,817 2,063 179,384 363 345,129 2.7% $27,610
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Energy Consumption (kW-hr) Savings & AnnualCosts
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 176,090 3,572 4,950 2,177 120,388 826 308,003 $24,640
GenOpt(2) 166,475 3,572 7,043 3,103 114,789 138 295,120 4.2% $23,610
Com. Cont. (2)a 164,889 3,572 8,145 3,596 116,097 151 296,450 3.8% $23,716
Com. Cont. (2)b 164,526 3,572 9,203 4,073 116,084 149 297,607 3.4% $23,809
Com. Cont. (2)c 161,681 3,572 9,227 4,084 120,209 253 299,026 2.9% $23,922
GenOpt(11) 163,729 3,572 6,675 2,936 116,439 175 293,524 4.7% $23,482
Com. Cont. (7)a 163,729 3,572 6,675 2,936 116,439 175 293,524 4.7% $23,482
Ch
ic
a
go
Com. Cont. (7)b 162,010 3,572 6,684 2,940 118,877 250 294,332 4.4% $23,547
Case 00 167,628 3,449 2,802 1,232 290,429 1,744 467,285 $37,383
GenOpt(2) 171,887 3,449 3,875 1,704 277,205 321 458,441 1.9% $36,675
Com. Cont. (2)a 169,037 3,449 4,315 1,898 279,901 353 458,954 1.8% $36,716
Com. Cont. (2)b 168,948 3,449 4,604 2,025 279,818 348 459,194 1.7% $36,735
Com. Cont. (2)c 161,798 3,449 4,620 2,032 287,995 575 460,469 1.5% $36,838
GenOpt(11) 170,109 3,449 4,335 1,907 276,094 321 456,214 2.4% $36,497
Com. Cont. (7)a 166,536 3,449 4,149 1,825 281,747 408 458,114 2.0% $36,649
D
u
lu
th
Com. Cont. (7)b 162,271 3,449 4,155 1,827 286,664 571 458,939 1.8% $36,715
Case 00 284,413 4,210 9,780 3,846 8,503 68 310,820 $24,866
GenOpt(2) 239,087 4,210 15,233 5,992 7,643 10 272,175 12.4% $21,774
Com. Cont. (2)a 239,736 4,210 14,939 5,875 8,218 11 272,991 12.2% $21,839
Com. Cont. (2)b 238,703 4,210 15,678 6,167 8,303 11 273,072 12.1% $21,846
Com. Cont. (2)c 238,540 4,210 15,700 6,176 9,491 22 274,139 11.8% $21,931
GenOpt(11) 236,523 4,210 15,812 6,218 6,183 8 268,954 13.5% $21,516
Com. Cont. (7)a 238,607 4,210 15,007 5,902 7,868 14 271,608 12.6% $21,729
El
Pa
so
Com. Cont. (7)b 238,541 4,210 15,012 5,904 8,246 19 271,932 12.5% $21,755
Case 00 283,661 3,600 1,322 714 723,973 3,022 1,016,293 $81,303
GenOpt(2) 307,638 3,600 2,205 1,192 691,033 746 1,006,413 1.0% $80,513
Com. Cont. (2)a 304,086 3,600 2,067 1,117 696,017 812 1,007,700 0.8% $80,616
Com. Cont. (2)b 304,421 3,600 2,148 1,161 695,206 801 1,007,337 0.9% $80,587
Com. Cont. (2)c 286,207 3,600 2,160 1,167 714,866 1,255 1,009,255 0.7% $80,740
GenOpt(11) 307,843 3,600 2,112 1,141 690,082 744 1,005,522 1.1% $80,442
Com. Cont. (7)a 297,209 3,600 2,029 1,097 702,543 932 1,007,411 0.9% $80,593
Fa
irb
a
n
ks
Com. Cont. (7)b 286,661 3,600 2,034 1,099 713,868 1,253 1,008,516 0.8% $80,681
Case 00 283,500 4,030 10,603 4,663 8,377 59 311,232 $24,899
GenOpt(2) 267,963 4,030 12,236 5,382 7,238 9 296,858 4.6% $23,749
Com. Cont. (2)a 265,657 4,030 22,220 9,842 8,142 11 309,903 0.4% $24,792
Com. Cont. (2)b 266,508 4,030 15,338 6,761 7,856 11 300,503 3.4% $24,040
Com. Cont. (2)c 266,373 4,030 15,348 6,765 8,659 19 301,196 3.2% $24,096
GenOpt(11) 265,247 4,030 12,897 5,672 7,874 13 295,733 5.0% $23,659
Com. Cont. (7)a 265,683 4,030 12,648 5,562 7,811 13 295,747 5.0% $23,660
H
ou
st
on
Com. Cont. (7)b 265,616 4,030 12,655 5,565 8,291 18 296,175 4.8% $23,694
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Energy Consumption (kW-hr) Savings & AnnualCosts
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 234,255 3,978 10,419 4,097 20,041 145 272,935 $21,835
GenOpt(2) 219,320 3,978 13,067 5,140 18,168 22 259,696 4.9% $20,776
Com. Cont. (2)a 216,705 3,978 20,985 8,293 19,495 26 269,481 1.3% $21,558
Com. Cont. (2)b 218,108 3,978 14,214 5,594 19,130 26 261,051 4.4% $20,884
Com. Cont. (2)c 217,747 3,978 14,230 5,601 20,292 44 261,892 4.0% $20,951
GenOpt(11) 216,704 3,978 13,356 5,253 18,897 31 258,218 5.4% $20,657
Com. Cont. (7)a 216,573 3,978 13,411 5,274 19,162 31 258,429 5.3% $20,674
M
e
m
ph
is
Com. Cont. (7)b 216,389 3,978 13,422 5,278 19,830 43 258,940 5.1% $20,715
Case 00 370,556 4,425 13,307 5,852 156 2 394,298 $31,544
GenOpt(2) 351,600 4,425 15,072 6,629 103 0 377,829 4.2% $30,226
Com. Cont. (2)a 350,489 4,425 29,919 13,271 120 0 398,224 -1.0% $31,858
Com. Cont. (2)b 350,934 4,425 18,786 8,292 116 0 382,552 3.0% $30,604
Com. Cont. (2)c 350,933 4,425 18,786 8,293 159 0 382,597 3.0% $30,608
GenOpt(11) 350,508 4,425 15,195 6,683 95 0 376,906 4.4% $30,153
Com. Cont. (7)a 350,567 4,425 15,289 6,724 127 0 377,132 4.4% $30,171
M
ia
m
i
Com. Cont. (7)b 350,565 4,425 15,289 6,724 139 0 377,143 4.4% $30,171
Case 00 374,953 5,291 11,157 5,265 3,231 27 399,924 $31,994
GenOpt(2) 320,257 5,291 17,720 8,364 2,640 3 354,275 11.4% $28,342
Com. Cont. (2)a 318,852 5,291 18,887 8,917 3,057 4 355,008 11.2% $28,401
Com. Cont. (2)b 317,762 5,291 21,295 10,066 3,067 4 357,485 10.6% $28,599
Com. Cont. (2)c 317,709 5,291 21,311 10,073 3,818 9 358,212 10.4% $28,657
GenOpt(11) 317,342 5,291 17,450 8,235 2,601 4 350,924 12.3% $28,074
Com. Cont. (7)a 317,690 5,291 17,333 8,180 2,862 5 351,360 12.1% $28,109
Ph
oe
n
ix
Com. Cont. (7)b 317,679 5,291 17,338 8,182 3,201 7 351,698 12.1% $28,136
Case 00 202,013 3,784 8,953 3,521 44,583 362 263,216 $21,057
GenOpt(2) 191,879 3,784 10,780 4,240 41,941 54 252,678 4.0% $20,214
Com. Cont. (2)a 189,412 3,784 17,858 7,037 43,128 59 261,277 0.7% $20,902
Com. Cont. (2)b 190,501 3,784 12,272 4,828 42,812 61 254,258 3.4% $20,341
Com. Cont. (2)c 189,648 3,784 12,289 4,835 44,545 101 255,201 3.0% $20,416
GenOpt(11) 188,922 3,784 11,462 4,508 43,138 77 251,892 4.3% $20,151
Com. Cont. (7)a 189,131 3,784 11,421 4,491 43,211 73 252,111 4.2% $20,169
Tu
ls
a
Com. Cont. (7)b 188,663 3,784 11,427 4,494 44,002 99 252,470 4.1% $20,198
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APPENDIX E
Optimized 11-parameter with Wet-bulb Parameters
Cooling Tower Setpoints (oC)
X-1 Y-1 X-2 Y-2 X-3 Y-3 X-4 Y-4 X-5 Y-5 
WB T
(oC)
Boiler
Setpoint
(oC)
Chicago -9.8 15.6 -2.5 16.2 -0.4 30.5 0.0 31.8 9.5 32.0 2.2 10.8
El Paso -2.8 15.3 -2.4 15.8 -2.0 21.7 8.7 33.0 9.9 33.9 0 9.6
Houston -6.6 17.8 -3.1 17.9 -2.4 21.1 -2.0 28.8 8.5 31.1 0 7.5M
o
te
l
Memphis -7.0 17.7 -3.1 19.8 -2.3 23.1 -0.1 27.4 8.8 30.5 4.5 6.7
Chicago -7.3 18.5 -2.3 21.3 -0.8 24.4 0.0 28.7 8.7 30.7 0.1 5.7
El Paso -3.8 16.5 -1.7 18.0 -1.7 25.4 -0.6 32.0 10.0 32.0 0 2.5
Houston -7.5 18.7 -4.3 21.6 -2.9 23.6 -0.3 27.5 8.3 30.2 1.9 7.9O
ffi
ce
Memphis -7.8 18.7 -5.1 22.1 -2.2 23.8 -1.1 27.7 9.0 30.4 2.4 6.7
Note: The values given in the “X” columns (i.e. “X-1, X-2, etc.) are heat pump T
values. The values given in the “Y” columns are setpoint values.
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Optimized 12-hour Forecasting and Thermal Mass Augmentation Parameters
Cooling Tower Setpoints (oC)
X-1 Y-1 X-2 Y-2 X-3 Y-3 X-4 Y-4 X-5 Y-5 
Boiler
Setpoint
(oC)
Cooling tower and boiler parameters (underlined).
Cooling
T (oC)
Heating
T (oC)
Cooling
Offset
(oC)
Heating
Offset
(oC)
Forecasting parameter (italics).
-9.6 15.6 -1.0 15.6 1.5 29.6 1.9 31.6 9.7 31.8 10.4
Chicago
0.0 0.0 0.1 0.0
-2.5 15.3 -2.1 15.3 5.4 18.7 5.4 32.2 9.8 33.7 7.9
El Paso
-0.1 0.0 0.6 0.0
-6.3 17.8 -2.1 17.8 -0.7 20.6 0.5 28.3 8.8 31.1 7.2
Houston
-0.1 4.1 0.5 0.0
-6.2 15.0 -4.3 18.1 4.0 25.3 7.2 25.9 9.0 30.2 2.5
M
o
te
l
Memphis
-3.8 2.0 0.7 0.2
-5.7 20.0 -0.2 20.0 -0.1 20.5 0.0 27.6 9.8 28.8 2.2
Chicago
-8.2 0.0 8.3 0.0
-3.7 16.4 -0.7 17.3 0.1 24.8 1.9 31.8 10.0 31.9 2.4
El Paso
0.0 0.0 0.0 0.0
-7.1 19.1 -1.6 21.8 -0.9 24.2 0.0 29.1 8.2 30.9 3.8
Houston
0.0 0.6 0.0 0.0
-7.4 19.5 -3.6 19.5 -0.4 23.0 0.0 30.1 8.0 31.6 2.2
O
ffi
ce
Memphis
-3.2 1.3 2.2 0.6
Note: The values given in the “X” columns (i.e. “X-1, X-2, etc.) are heat pump T
values. The values given in the “Y” columns are setpoint values.
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APPENDIX F
Detailed Savings Comparison – Motel (Exploratory Results)
Energy Consumption (kW-hr)
Savings & Annual
Costs
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 167,688 2,629 3,431 1,728 160,560 305 336,342 $26,907
GenOpt(2) 152,739 2,629 5,220 2,634 155,002 102 318,326 5.4% $25,466
GenOpt(11) 148,501 2,629 4,909 2,472 158,278 162 316,952 5.8% $25,356
Com. Cont. (7) 149,608 2,629 4,721 2,378 158,030 153 317,519 5.6% $25,402
GenOpt(11+WB) 148,568 2,629 4,884 2,460 158,246 161 316,947 5.8% $25,356C
hi
ca
go
Forecasting (12
hrs) 144,920 2,629 6,716 3,383 156,444 184 314,275 6.6% $25,142
Case 00 238,755 3,350 6,318 3,182 1,732 9 253,345 $20,268
GenOpt(2) 187,419 3,350 10,095 5,085 1,773 2 207,724 18.0% $16,618
GenOpt(11) 187,090 3,350 9,960 5,016 1,738 3 207,155 18.2% $16,572
Com. Cont. (7) 188,604 3,350 9,377 4,722 1,701 3 207,756 18.0% $16,620
GenOpt(11+WB) 187,274 3,350 9,835 4,953 1,737 3 207,151 18.2% $16,572E
lP
as
o
Forecasting (12
hrs) 182,222 3,350 11,271 5,676 752 1 203,272 19.8% $16,262
Case 00 280,203 4,814 8,147 4,103 4,113 14 301,393 $24,111
GenOpt(2) 251,770 4,814 10,951 5,516 4,015 6 277,071 8.1% $22,166
GenOpt(11) 251,319 4,814 10,346 5,213 4,036 4 275,733 8.5% $22,059
Com. Cont. (7) 251,230 4,814 10,503 5,290 4,099 4 275,940 8.4% $22,075
GenOpt(11+WB) 251,316 4,814 10,350 5,212 4,048 4 275,744 8.5% $22,059H
ou
st
on
Forecasting (12
hrs) 246,403 4,814 12,038 6,062 2,276 3 271,597 9.9% $21,728
Case 00 235,113 4,161 6,234 3,140 25,033 64 273,746 $21,900
GenOpt(2) 207,783 4,161 8,514 4,288 24,408 20 249,174 9.0% $19,934
GenOpt(11) 207,092 4,161 8,380 4,220 24,582 25 248,461 9.2% $19,877
Com. Cont. (7) 207,205 4,161 8,276 4,168 24,713 28 248,551 9.2% $19,884
GenOpt(11+WB) 207,234 4,161 8,294 4,177 24,460 22 248,349 9.3% $19,868M
e
m
ph
is
Forecasting (12
hrs) 203,380 4,161 9,857 4,964 20,860 18 243,240 11.1% $19,459
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Detailed Savings Comparison – Office (Exploratory Results)
Energy Consumption (kW-hr)
Savings & Annual
Costs
Heat
Pump
Main
Circ
Pump
Cooling
Tower
CT
Pump Boiler
Boiler
Pump Total
%
Savings
Annual
Operating
Cost
Case 00 176,090 3,572 4,950 2,177 120,388 826 308,003 $24,640
GenOpt(2) 166,475 3,572 7,043 3,103 114,789 138 295,120 4.2% $23,610
GenOpt(11) 163,729 3,572 6,675 2,936 116,439 175 293,524 4.7% $23,482
Com. Cont. (7) 162,010 3,572 6,684 2,940 118,877 250 294,332 4.4% $23,547
GenOpt(11+WB) 163,219 3,572 6,806 2,993 116,097 171 292,858 4.9% $23,429C
hi
ca
go
Forecasting (12
hrs) 160,691 3,572 8,831 3,885 100,109 139 277,227 10.0% $22,178
Case 00 284,413 4,210 9,780 3,846 8,503 68 310,820 $24,866
GenOpt(2) 239,087 4,210 15,233 5,992 7,643 10 272,175 12.4% $21,774
GenOpt(11) 236,523 4,210 15,812 6,218 6,183 8 268,954 13.5% $21,516
Com. Cont. (7) 238,541 4,210 15,012 5,904 8,246 19 271,932 12.5% $21,755
GenOpt(11+WB) 236,533 4,210 15,805 6,216 6,147 8 268,918 13.5% $21,513E
lP
as
o
Forecasting (12
hrs) 228,128 4,210 19,554 7,695 0 0 259,588 16.5% $20,767
Case 00 283,500 4,030 10,603 4,663 8,377 59 311,232 $24,899
GenOpt(2) 267,963 4,030 12,236 5,382 7,238 9 296,858 4.6% $23,749
GenOpt(11) 265,247 4,030 12,897 5,672 7,914 15 295,775 5.0% $23,662
Com. Cont. (7) 265,616 4,030 12,655 5,565 8,291 18 296,175 4.8% $23,694
GenOpt(11+WB) 265,762 4,030 12,598 5,540 7,823 14 295,767 5.0% $23,661H
ou
st
on
Forecasting (12
hrs) 259,238 4,030 15,358 6,761 358 1 285,745 8.2% $22,860
Case 00 234,255 3,978 10,419 4,097 20,041 145 272,935 $21,835
GenOpt(2) 219,320 3,978 13,067 5,140 18,168 22 259,696 4.9% $20,776
GenOpt(11) 216,704 3,978 13,356 5,253 18,897 31 258,218 5.4% $20,657
Com. Cont. (7) 216,389 3,978 13,422 5,278 19,830 43 258,940 5.1% $20,715
GenOpt(11+WB) 216,933 3,978 13,232 5,204 18,698 30 258,075 5.4% $20,646M
e
m
ph
is
Forecasting (12
hrs) 209,784 3,978 16,545 6,519 4,179 6 241,010 11.7% $19,281
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Scope and Method of Study: This study focused first on the simulation and validation of
hybrid ground source heat pump (HGSHP) systems. Validation of such systems
is previously unreported in literature. The simulation was done using
HVACSim+. Validation was done using seven months (March to September
2005) of five-minutely experimental data from an HGSHP research facility
located on the campus of Oklahoma State University (OSU). The validation
results were considered from the perspective of both researchers and designers
with regards to accuracy of HVAC energy consumption prediction.
The second part of this study focused on the simulation, validation, and
control optimization of water-loop heat pump (WLHP) systems. The WLHP
simulation was also done using HVACSim+. Four days (September 22-25, 2006)
of five-minutely data from the OSU HGSHP research facility were used for
experimental validation purposes. Intermodel validation was done between
HVACSim+ and EnergyPlus to further validate the model. Control optimization
was done on two building types in 13 U.S. cities. Single setpoint controls,
dynamic controls, controls based on outdoor wet-bulb temperature, and controls
utilizing forecasting with thermal mass augmentation were considered.
Findings and Conclusions: The predicted HGSHP system simulation matched very well
to experimental results when each component was calibrated. From the
designers’ perspective, the performance of the system simulation with all models
relying only on manufacturers’ data was quite good and should be acceptable for
design purposes.
Likewise, the WLHP system predicted HVAC energy consumption very
well compared to experimental data when the components were calibrated. A
common control strategy was developed that was based on the individually
optimized setpoint profiles of the dynamic controller. Results were reasonably
good for each building in every location and can be recommended for use. An
exploratory investigation of the control strategy that used forecasting with
augmented thermal mass showed excellent savings potential and should be
investigated further.
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